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THE  USE  OF  a-BENZOINOXIME  IN  THE  DETERMINATION 

OF  MOLYBDENUM 

By  H.  B.  Knowles 

ABSTRACT 

Present  methods  for  the  determination  of  molybdenum  in  any  considerable 
amount  require  a  number  of  tedious  and  time-consuming  operations  prior  to  the 
actual  determination  of  that  element,  a-benzoinoxime,  advocated  as  being 
specific  for  copper,  has  been  found  to  precipitate  molybdenum  quantitatively  and 
to  isolate  it  from  most  of  the  more  commonly  encountered  elements.  As  a  result 
of  the  present  study  a  procedure  has  been  developed  by  which  molybdenum  can 
be  determined  in  ores,  steels,  and  other  products  in  much  less  time  than  by 
present  methods  and  with  all  the  accuracy  of  the  best  methods  now  in  use. 
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I.  INTRODUCTION 

In  an  investigation  of  some  reagents  proposed  as  being  specifics  for 
copper,  consideration  was  given  a-benzoinoxime,  which  has  been 
recommended  by  Feigl,1  and  for  which  he  has  proposed  the  name 
"Cupron."  Briefly,  it  is  stated  by  Feigl  that  complete  precipitation 
of  copper  results  when  an  alcoholic  solution  of  the  reagent  is  added  to 
a  hot,  "clear  blue"  ammoniacal  solution  of  copper.  In  the  presence 
of  iron,  aluminum,  lead,  etc.,  precipitation  is  made  in  an  ammoniacal 
tartrate  solution,  while  in  the  presence  of  nickel,  a  tartaric  acid  solu- 
tion buffered  with  tartrate  is  recommended.  The  resulting  precipi- 
tate is  said  to  be  insoluble  in  water,  alcohol,  dilute  ammonium  hydrox- 
ide, acetic,  and  tartaric  acids;  easily  soluble  in  mineral  acids  and 
slightly  soluble  in  concentrated  ammonium  hydroxide.  After  appro- 
priate washing  it  is  dried  and  weighed  as 

Cu  (C.H6— CH— C— C.HS) 

6  Ao 

containing  22.02  per  cent  of  copper. 

»  F.  Feigl,  Ber.,  vol.  56,  II,  p.  2083,  1923. 


1 

Digitized  by  Google 


2  Bureau  of  Standards  Journal  of  Research  \v*i  9 

The  desirability  of  using  a-benzoinoxime  for  the  precipitation  of 
copper  in  the  presence  of  other  elements,  notably  molybdenum,  led  to 
a  study  of  the  behavior  of  the  reagent  toward  such  elements.  Pre- 
liminary tests  disclosed  the  fact  that  while  the  reagent  was  not  as 
specific  for  copper  as  could  be  wished,  it  did  present  interesting  possi- 
bilities in  its  reactions  with  molybdenum.  This  element  was  not  onljr 
quantitatively  precipitated  in  an  acetic  acid  solution  buffered  with 
acetate,  but  also  in  cold  mineral  acid  solutions  containing  as  much  as 
20  per  cent  by  volume  of  sulphuric  acid. 

II.  EXPERIMENTAL 
1.  PRELIMINARY  CONSIDERATIONS 

Experiments  showed  that  to  prevent  the  interference  of  certain 
elements  the  solution  must  be  distinctly  acid  with  either  sulphuric, 
hydrochloric,  or  nitric  acid.  A  solution  containing  5  per  cent  by 
volume  of  sulphuric  acid  is  preferable,  although  good  precipitations 
were  also  obtained  from  solutions  containing  as  much  as  20  per  cent 
by  volume  of  sulphuric  acid.  Solutions  containing  5  per  cent  of 
hydrochloric  or  nitric  acid  gave  excellent  results  in  instances,  in  which 
sulphuric  acid  was  objectionable,  such  as  in  the  presence  of  tin  or 
lead.  Successful  precipitations  were  also  obtained  in  solutions  con- 
taining 5  per  cent  by  volume  of  phosphoric  acid.  Precipitations  made 
in  the  presence  of  tartaric  acid  were  not  quite  complete,  while  those 
made  in  solutions  containing  hydrofluoric  acid  indicated  that  this  acid 
must  be  absent. 

(b)  TEMPERATURE  OP  THE  SOLUTION 

Precipitations  at  80°  to  90°  C,  as  well  as  those  performed  at  room 
temperature  showed  that  there  was  danger  of  reducing  sexivalent 
molybedenum  before  it  was  precipitated.  Experiments  showed  that 
this  condition  was  avoided  best  by  working  with  a  cold  solution  and 
adding  sufficient  bromine  water  to  faintly  tinge  the  solution  after 
the  addition  of  the  reagent. 

(c)  AMOUNT  OP  RSAQBNT  REQUIRED 

When  slightly  more  than  the  theoretical  quantity  of  the  reagent 
was  used,  as  determined  by  the  relation  1  Mo  to  3  C6H6CH(OH)- 
C:(NOH)  CJi6,  incomplete  precipitation  resulted.  Similar  unsatis- 
factory results  prevailed  when  ten  times  the  theoretical  quantity  of 
reagent  was  employed.  This  effect  may  have  been  caused,  in  part, 
by  the  large  quantity  of  alcohol  added  with  the  reagent.  It  was  found 
that  from  two  to  five  times  the  theoretical  amount  of  reagent  provided 
an  adequate  excess. 

<d)  TIME  NECESSARY  FOR  COMPLETE  PRECIPITATION 

Experiments  to  determine  the  time  necessary  for  complete  precipi- 
tation showed  that  although  filtration  could  be  begun  almost  imme- 
diately following  the  final  addition  of  the  reagent,  equallv  satisfactory 
results  were  obtained  when  nitrations  were  made  at  the  end  of  10 
minutes,  during  which  time  ample  opportunity  was  afforded  to  per- 
mit intermittent  thorough  stirring.  Low  results  were  obtained  wnen 
the  precipitates  were  allowed  to  remain  in  contact  with  the  solutions 
for  30  minutes. 
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(e)  WASHING  THE  PRECIPITATE 

It  was  found  that  water,  absolute  ethyl  alcohol,  and  various  mix- 
tures of  diluted  alcohol  containing  a  little  sulphuric  acid  were  not  suit- 
able for  washing  the  precipitate.  The  most  promising  wash  solution 
was  found  to  be  a  cold,  diluted  sulphuric  acid  (1  per  cent  by  volume) 
containing  a  small  amount  of  a-benzoinoxime. 

CD  PINAL  TREATMENT  OP  THE  PRECIPITATE 

Experiments  in  which  it  was  sought  to  weigh  or  titrate  the  molyb- 
denum precipitate,  after  appropriate  washing  and  drying,  gave  no 
immediate  indication  of  success,  and  further  attempts  were  aban- 
doned. Difficulties,  such  as  are  experienced  in  the  direct  ignition  of 
some  organic  compounds,  were  not  encountered,  for  it  was  found 
that  the  precipitate  could  be  ignited  directly  to  molybdic  oxide  after 
a  short  drying. 

2.  PROCEDURE  RECOMMENDED  FOR  GENERAL  USE 

Prepare  a  solution  containing  10  ml  of  sulphuric  acid  (specific 
gravity  1.84)  in  a  volume  of  200  ml  and  not  more  than  0.15  g  of  sexi- 
valent  molybdenum.  If  vanadates  or  chromates  are  present  add 
sufficient  freshly  prepared  sulphurous  acid  to  reduce  them  and  heat 
to  boiling.  Continue  the  boiling  until  the  odor  of  sulphur  dioxide  can 
no  longer  be  detected.  Chill  the  solution  to  a  temperature  of  5°  to 
10°  C.  Stir  and  slowly  add  10  ml  of  a  solution  of  2  g  of  a-benzoinox- 
ime  in  100  ml  of  alcohol  and  5  ml  extra  for  each  0.01  g  of  molybdenum 
present.  Continue  to  stir  the  solution,  add  just  sufficient  bromine 
water  to  tint  the  solution  a  pale  yellow  and  then  add  a  few  milliliters 
of  the  reagent.  Allow  the  beaker  and  contents  to  remain  in  the  cool- 
ing mixture  10  to  15  minutes  with  occasional  stirring,  stir  in  a  little 
macerated  filter  pulp  and  filter  through  a  paper  of  close  texture,  such 
as  S.  &  S.  No.  589  Blue  Band.  Filtration  can  be  greatly  facilitated 
by  using  a  coarser  filter,  such  as  S.  &  S.  No.  589  Black  Band,  but  it  is 
then  requisite  that  the  filtrate  be  very  carefully  examined  and  the 
first  portions  refiltered  if  they  are  not  absolutely  clear.  Wash  the 
precipitate  with  200  ml  of  a  cold,  freshly  prepared  solution  containing 
25  to  50  ml  of  the  prepared  reagent  and  10  ml  of  sulphuric  acid  in 
1,000  ml.  On  standing,  the  filtrate  will  deposit  needlelike  crystals  if 
sufficient  reagent  has  been  employed. 

Transfer  the  washed  precipitate  to  a  weighed  platinum  crucible, 
cautiously  dry;  char,  without  flaming,  over  a  very  low  gas  flame  and 
then  ignite  to  constant  weight  in  an  electric  muffle  at  500°  to  525°  C. 
In  umpire  analyses  of  materials  containing  silica  it  is  best  to  remove 
that  constituent  before  proceeding  with  the  precipitation  of  molyb- 
denum rather  than  to  treat  the  final  precipitate  with  sulphuric  and 
hydrofluoric  acids,  because  of  the  uncertainty  of  completely  decom- 
posing molybdenum  sulphate  at  the  temperature  of  ignition.  If  the 
oxide  contains  no  impurities,  except  tungsten,  it  should  dissolve  com- 
pletely in  warm  dilute  ammonium  hydroxide.  If  an  insoluble  residue 
remains,  it  must  be  separated  by  filtration,  ignited,  weighed,  and  the 
weight  subtracted.  If  tungsten  may  be  present,  the  clear  ammoniacal 
solution  should  be  acidified  with  hydrochloric  acid  and  treated  with 
cinchonine  as  in  II,  4(6),  "analysis  of  ores  and  commercial  products." 
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Results  obtained  by  use  of  the  recommeuded  procedure  with  pure 
solutions  of  molybdenum  are  given  in  Table  1 . 

Table  1. — Determination  of  molybdenum  in  pure  solution 


Experiment 

Mo  added 

Mo  found 

Difference 

9 

9 

9 

1  

0.0001 

OOOOl 

0.  0000 

2  

.0010 

.oooy 

-.0001 

.0051 

.0051 

.0000 

4  

.0103 

.0101 

— .0002  ; 

.0205 

.0206 

.0000  1 

«  

.0513 

.0513 

.0000  1 

.1020 

.1027 

+.0001 

3.  BEHAVIOR  OF  OTHER  ELEMENTS  IN  RECOMMENDED  PROCEDURE 

In  a  survey  of  the  behavior  of  other  elements  in  the  procedure  rec- 
ommended in  II,  2,  the  following  elements  were  studied:  Silver,  lead, 
mercury,  bismuth,  copper,  cadmium,  arsenic,  antimony,  tin,  selenium, 
tellurium,  aluminum,  iron,  titanium,  zirconium,  chromium,  vanadium, 
silicon,  tungsten,  tantalum,  columbium,  cerium,  uranium,  rhenium, 
nickel,  cobalt,  manganese,  zinc,  and  the  members  of  the  platinum 
group — ruthenium,  rhodium,  palladium,  osmium,  iridium,  and 
platinum. 

The  only  elements  that  give  precipitates  in  mineral  acid  solutions 
with  a-benzoinoxime  are  tungsten,  palladium,  sexivalent  chromium, 
quinquevalent  vanadium,  ana  tantalum.  The  precipitation  of  tung- 
sten and  palladium  is  seemingly  quantitative  and  the  use  of  a-ben- 
zoinoxime in  quantitative  determinations  of  these  elements  is  being 
studied.  For  example,  in  a  determination  of  molybenum  in  the  Bureau 
of  Standards  standard  sample  of  chrome-vanadium  steel  No.  72  the 
result  obtained  was  too  high.  The  error  was  afterwards  found  to  be 
caused  by  tungsten,  the  presence  of  which  had  not  been  previously 
noted.  The  precipitation  of  sexivalent  chromium  and  quinquevalent 
vanadium  was  not  studied  because  satisfactory  methods  for  their 
determination  are  available,  and  it  was  found  that  they  cause  no 
interference  when  reduced  to  lower  valences  (Crm  and  VIV).  The 
precipitate  with  tantalum  appeared  more  like  the  hydrated  acid  than 
a  compound  with  the  reagent,  and  the  reaction  was  not  studied  further 
because  tantalum  occurs  but  seldom,  and  most  of  it  would  be  removed 
before  precipitation  of  molybdenum  would  be  attempted. 

Silver,  lead,  mercurv,  bismuth,  copper,  cadmium,  arsenic,  anti- 
monv,  tin,  aluminum,  iron,  titanium,  zirconium,  trivalent  chromium, 
quadrivalent  vanadium,  cerium,  uranium,  nickel,  cobalt,  manganese, 
and  zinc  are  not  precipitated  either  when  alone  or  when  associated 
with  molybdenum.  Experiments  dealing  with  mixtures  of  these 
elements  are  shown  in  Table  2.  The  separation  of  molvbdenum 
from  antimony  is  of  particular  interest  because  good  methods  for  the 
separation  of  these  elements  are  lacking. 

Selenium,  tellurium,  rhenium,  ruthenium,  rhodium,  osmium, 
iridium,  and  platinum  are  not  precipitated  when  they  occur  alone. 
Their  behavior  when  associated  with  molybdenum  was  not  studied. 

Columbium  and  silicon,  in  addition  to  the  already  mentioned 
sexivalent  chromium,  quinquevalent  vanadium,  palladium,  tungsten, 
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and  tantalum  contaminate  the  precipitate  and  must  be  removed 
before  precipitation  of  molybdenum  is  attempted,  or  else  determined 
in  the  weighed  precipitate  and  deducted. 

The  results  given  m  Table  2  were  obtained  when  a  single  precipi- 
tation of  molybdenum  was  made  in  the  presence  of  other  elements. 
With  the  exception  of  experiment  No.  3,  tests  of  the  final  precipitates 
showed  no  evidence  of  the  presence  of  contaminating  elements.  The 
filtrate  and  washings  from  each  experiment,  after  evaporation  with 
nitric  and  sulphuric  acids  to  destroy  organic  matter  and  testing 
colorimetrically  by  treating  with  potassium  thiocyanate  and  stannous 
chloride  2  showed  less  than  0.1  mg  of  molybdenum. 

Table  2. — Determination  of  molybdenum  in  the  presence  of  other  elements 


Experiment 
No. 

Mo  added 

Mo  found 

Difference 

1  

9 

0 

0.0103 

o'oioi 

-0.0002 

2  

.0103 

.0102 

-.0001 

3  

.0513 

.m-2 

+.0119 

4  

.0513 

.0514 

+.0001 

5  

.0513 

.0514 

+.0001 

6  

.0513 

.0514 

+.  0001 

7  

.OS13 

.0514 

+.  0001 

8  

.0513 

.0610 

-.0003 

0   ... 

.0613 

.0516 

+.0003 

.OM3 

.0510 

+.0003 

Precipitated  in  5  per  cent  HC1+1  per  cent  HNOj. 
Precipitated  in  S  per  cent  HC1. 
Precipitated  in  presence  of  0.05  g  V  *. 
Precipitated  in  presence  of  0.05  g  V«». 
Precipitated  in  presence  of  0.06  g  8n«  *  in  5  per  cent 

Precipitated  in  presence  of  0.05  g  each  of  NI,  Co,  Mn, 

Cr'»,  Pe«",  Zn,  Cu. 
Precipitated  in  presence  of  0.06  g  each  of  Tl,  Zr, 

Ce»«.  Al,  U. 

Precipitated  in  presence  of  0.05  g  each  of  Pb,  Sb,  As, 
after  removal  of  Pb  as  sulphate.  PbSO«  not 
examined  for  Mo. 

Precipitated  In  presence  of  0,05  g  each  of  Ag,  Bi,  Cd, 
Hg». 

Precipitated  in  presence  of  0.05  g  Sb»  in  .*>  per  cent 
add  (50  per  cent  HiSOi:  50  per  cent  HC1). 


It  was  found  that  if  correct  colorimetric  determinations  of  molybde- 
num are  to  be  obtained  the  complete  absence  of  nitric  acid  and  plati- 
num must  be  assured.  The  removel  of  nitric  acid  is  readily  accom- 
plished by  heating  to  fuming  with  an  excess  of  sulphuric  acid,  while 
the  absence  of  platinum  is  best  assured  by  conducting  all  necessary 
fusions  aud  evaporations  in  either  silica  or  porcelain  laboratory  ware. 

4.  APPLICATION  OF  THE  PROCEDURE 
(a)  ANALYSIS  OF  STEEL 

To  study  the  applicability  of  the  procedure  to  the  determination 
of  small  amounts  of  molybdenum  in  steel,  samples  of  the  Bureau  of 
Standards  standard  sample  No.  72  and  of  No.  lid  with  small  addi- 
tions of  molybdenum  were  used.  One-gram  samples  of  the  steel 
were  dissolved  in  50  ml  of  diluted  sulphuric  acid  (1+6)  and  the 
solution  treated  with  a  minimum  amount  of  nitric  acid  (specific 
gravity  1.42)  to  decompose  carbides  and  oxidize  the  molybdenum. 
The  solutions  were  filtered,  if  not  perfectly  clear,  diluted  to  100  ml 
with  water,  cooled,  treated  with  sufficient  ferrous  ammonium  sulphate 
to  reduce  vanadic  and  chromic  acids,  and  then  cooled  to  5°  to  10°  C. 
Five  to  ten  milliliters  of  the  a-benzoinoxime  reagent  was  added, 
followed  by  the  addition  of  bromine  water  and  a  few  more  milliliters 
of  the  reagent.    After  standing  10  to  15  minutes,  the  precipitates 

«  Lundell,  Hoffman,  and  Bright.  Chemical  Analysis  of  Iron  and  Steel,  p.  323,  John  Wiley  &  Sons, 
New  York,  1931. 
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were  filtered,  washed,  and  ignited  as  in  the  procedure  already  de- 
scribed.   The  ignited  oxides  were  examined  for  any  insoluble  residue 
and  tungsten  they  might  have  contained. 
The  results  obtained  by  the  above  procedure  are  shown  in  Table  3. 


Table  3. — Determination  of  molybdenum  in  steel 


1 

Experiment  Mater,Rl 

! 

j 

Percent* 

lybd( 

Added  or 
present 

*e  of  mo- 
mum 

Found 

Differ- 
ence 

Remarks 

Chrome  molybdenum 
steel  No.  72. 

 do  

Per  cent 
0. 140 

.149 

.0061 

.0103 
.51 
5. 13 

Per  cent 

a  166 

.0054 

.0096 
.52 
5. 15 

Per  cent 

+0.017 

+.011 
+.0003 

-.0007 

+.01 

+.02 

Gravimetric  determination. 

Do. 

Colorimetrlc  determination  after 
solution  of  the  precipitate. 
Do. 

Gravimetric  determination. 

Do. 









B  O.  H.  steel  No.  lid.. 

 do  

 do  

 do  

(b)  ANALYSIS  OP  ORBS  AND  COMMERCIAL  PRODUCTS 

To  study  the  applicability  of  the  method  to  large  amounts  of 
molybdenum,  determinations  were  made  on  the  Bureau  of  Standards 
standard  sample  of  calcium  molybdate  No.  71  and  samples  of  wulfe- 
nite  and  molybdenite  ore.  The  procedure  adopted  in  the  analysis  of 
these  materials  consisted  of  an  mitial  attack  of  0.2  to  0.5  g  of  the 
material  with  either  hydrochloric  acid,  nitric  acid,  or  a  mixture  of 
both.  Molybdenite  is  perhaps  more  readily  attacked  by  treating  with 
a  mixture  of  fuming  nitric  acid  (specific  gravity  al. 49)  and  bromine. 
Following  the  preliminary  decomposition  the  solution  was  diluted  with 
water,  treated  with  25  ml  of  diluted  sulphuric  acid  (1  +  1)  and  evap- 
orated until  fumes  of  sulphuric  acid  appeared.  After  the  addition  of 
100  ml  of  water,  the  solution  was  heated  to  dissolve  soluble  sulphates, 
filtered,  and  washed  with  diluted  sulphuric  acid  (2  +  100).  The  in- 
soluble residue  obtained  at  this  stage  contained  a  small  amount  of 
molybdenum  which  was  dcterrnined  by  fusing  the  residue  with 
sodium  carbonate,  extracting  with  water,  and  making  a  colorimetric 
test  of  the  water  extract.  The  filtrate,  at  room  temperature,  was  then 
diluted  to  200  ml  and  treated  with  a  few  drops  of  tenth  normal 
potassium  permanganate,  enough  to  produce  a  permanent  pink  tinge, 
to  insure  complete  oxidation  of  the  molybdenum.  Freshly  prepared 
sulphurous  acid  was  then  added  to  reduce  vanadates  and  chromates, 
ana  the  solution  boiled  until  no  odor  of  sulphur  dioxide  could  be 
detected.  After  thorough  cooling,  the  solution  was  treated  with  an 
excess  of  a-benzoinoxime,  and  the  resulting  precipitate  filtered,  washed, 
dried,  ignited,  and  weighed.  The  ignited  oxide  was  dissolved  in  the 
least  possible  amount  of  warm  dilute  ammonium  hydroxide,  filtered, 
washed  with  warm  water,  and  the  filter  with  its  contents  ignited  and 
weighed.  The  ammoniacal  extract  containing  all  the  molybdenum 
was  acidified  with  hydrochloric  acid,  treated  with  cinchonine,  digested 
overnight,  and  any  precipitate  of  tungsten  was  filtered,  washed, 
ignited  at  525°  C.  and  weighed.  The  weight  of  this  residue,  together 
with  that  of  the  residue  insoluble  in  ammonium  hydroxide,  was 
deducted  from  the  weight  of  the  molybdenum  oxide. 
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Results  of  the  experiments  are  given  in  Table  4. 


Table  4. — Determinations  of  molybdenum  in  ores  and  commercial  products 


Experiment 

No. 

Material 

Mo  found 

Remarks 

I  

Calcium  molybdate . . 

. *  _ -  .do. •   

 do  

Molybdenite  ore  

35.22  per  cent  Mo  

Certificate  value  88.3  per  cent. 

11  analysts  reported  values  between  18.29 
ami  21.80  per  cent  by  various  procedures. 

Do. 

13  analysts  reported  values  between  08.62 
and  74.79  per  cent  by  vai  ions  procedures. 

Do. 

2 
3* 

4  

4  

18.77  per  cent  MoO»... 

18.84 percent  MoOi... 
70.4  per  cent  MoOi. . . 

70.1  percent  MoOi  

In  some  further  tests  on  the  wulfenite  ore,  a  5  g  sample  was  treated 
as  described,  and  the  solution  diluted  to  exactly  500  ml  after  decom- 
position and  the  removal  of  the  lead  as  sulphate.  Direct  precipita- 
tion with  a-benzoinoxime  in  50  ml  aliquots  indicated  18.73,  18.67,  and 
18.73  per  cent  of  molybdenum  trioxide.  Tests  on  similar  aliquots 
indicated  18.77  and  18.75  per  cent  after  the  long  and  tedious  process 
of  eliminating  arsenic  ana  vanadium  by  triple  precipitation  with 
ammonium  hydroxide  in  the  presence  of  ferric  iron,  separation  from 
tungsten  by  precipitation  of  the  molybdenum  as  sulphide  from  an 
acid  solution  containing  tartaric  acid,  recovery  of  the  molybdenum 
which  escaped  the  sulphide  precipitation  and  other  time-consuming 
attendant  operations.  The  removal  of  copper,  which  does  not  inter- 
fere in  the  a-benzoinoxime  procedure,  is  a  requisite  of  the  longer 
procedure  before  attempting  either  a  gravimetric  or  volumetric 
determination  of  molybdenum. 

In  connection  with  the  process  of  removing  arsenic  and  vanadium 
by  precipitating  with  ammonium  hydroxide  in  the  presence  of  ferric 
iron,  it  is  to  be  noted  that  if  lead  is  present  in  the  original  material, 
and  escapes  separation  as  sulphate,  it  will  combine  with  and  retain 
molybdenum  in  the  precipitate  of  ferric  hydroxide.  The  amount  of 
molybdenum  thus  held  may  be  conveniently  determined  by  dissolving 
the  ferric  hydroxide  in  sulphuric  acid,  treatmg  with  potassium  thiocy- 
anate  and  stannous  chloride,  and  comparing  the  resulting  color  with 
that  of  a  standard  molybdenum  solution  by  means  of  a  colorimeter. 
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EFFECT  OF  ZINC  COATINGS  ON  THE  ENDURANCE 

PROPERTIES  OF  STEEL 

By  W.  H.  Swanger  and  R.  D.  France 


ABSTRACT 


The  effect  of  the  surface  alterations,  resulting  from  the  application  and  presence 
of  hot-dipped  galvanized  and  electroplated  zinc  coatings,  on  the  endurance 
properties  of  0.02  per  cent  carbon  open-hearth  iron  and  0.45  and  0.72  per  cent 
carbon  steels  was  determined  by  fatigue  tests  made  with  R.  R.  Moore  rotating 
beam  and  Haigh  axial  loading  machines. 

Rotating  beam  testa  were  made  on:  (a)  Polished  but  uncoated  specimens,  (b) 
specimens  coated  by  the  hot-dip  galvanizing  process,  (c)  zinc-plated  specimens, 
and  (</)  on  specimens  acid  pickled  as  for  galvanizing.    Axial  loading  tests  were 


made  on  uncoated  and  galvanized  specimens  only. 

The  open-hearth  iron  was  tested  in  the  "as  rolled"  condition.  The  two  carbon 
steels  were  tested  in  the  normalised  and  annexed  condition,  in  the  quenched 
condition,  and  in  the  tempered  condition,  except  that  axial  loading  tests  were  not 
made  on  quenched  specimens 


The  results  of  the 


atigue  tests  are  given  in  conventional  S-N  diagrams  and  are 


summarized  in  a  tab  e,  together  with  the  results  of  tensile  strength  and  hardness 
determinations.  Photomicrographs  showing  the  structures  of  the  heat-treated 
steels  and  of  the  two  types  of  coatings  are  given. 

The  endurance  ratios  (endurance  limit  :  tensile  strength)  by  the  rotating  beam 
method  of  test  of  the  uncoated  specimens  varied  from  0.38  to  0.70;  by  the  axial 
loading  method,  from  0.31  to  0.597" 

The  decrease  in  fatigue  limit  from  that  of  the  polished  uncoated  materials 
caused  by  the  acid  pickling  was  more  marked  in  the  quenched  Bteels  than  in  the 
annealed  and  the  tempered  steels.    The  decrease  varied  from  0  to  40  per  cent. 

A  still  greater  decrease,  as  much  as  42.5  per  cent,  was  caused  by  the  presence  of 
the  hot-dipped  galvanized  coatings,   The  quenched  and  the  tempered  steels  were 


affected  more  adversely  than  the  annealed  steels 


The  fatigue  limits  of  the  zinc  electroplated  specimens  were  equal  to  or  greater 
than  those  of  the  uncoated  specimens. 

The  difference  in  the  effects  of  the  Two  types  of  coating  is  believed  to  be  caused 
by  the  differences  in  the  nature  of  the  bond  between  zinc  and  steel  and  differ- 
ences in  the  structure  and  hardness  of  the  two  coatings. 
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I.  INTRODUCTION 

It  is  generally  agreed  that  the  character  of  the  surface  of  a  metal  is 
an  important  factor  in  determining  its  resistance  to  repeated  stresses. 
If  an  endurance  limit  is  accepted  as  an  intrinsic  property  of  a  metal, 
this  limit  is  correctly  determined  only  when  smoothly  polished  speci- 
mens with  generous  fillets  are  used.    The  damaging  effects  of  surface 
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corrosion  and  of  mechanically  produced  notches  have  formed  the  sub- 
ject of  numerous  investigations  on  "fatigue  of  metals/'  The  infor- 
mation gained  from  these  investigations  has  shown  the  necessity  for 
avoiding  "notch  effects"  in  highly  stressed  members  subjected  to 
repeated  stresses.  Careful  removal  of  tool  marks,  protection  from 
corrosion  and  use  of  adequate  fillets  at  abrupt  changes  of  section,  aid 
materially  in  realizing  in  practice  the  normal  endurance  strength  of 
metals. 

Metallic  coatings  are  frequently  used  on  iron  and  steel  to  protect 
against  corrosion.  It  is  a  matter  of  considerable  interest  to  know 
what  effect  such  metallic  coatings  may  have  upon  the  fatigue  limit  of 
metals  when  damage  by  corrosion  is  not  involved.  From  a  mechan- 
ical standpoint  the  presence  of  a  metallic  coating  on  a  specimen  of  iron 
or  steel  introduces  factors  which  complicate  this  problem.  There  are 
two  surfaces,  the  free  surface  of  the  coating  and  that  of  the  underlving 
steel,  the  characteristics  of  which  may  influence  the  fatigue  limit  of 
the  composite  specimen.  Another  factor  is  the  endurance  strength  of 
the  coating  itself.  Very  little  is  known  about  this  property  of  the 
various  protective  metallic  coatings  in  general  use,  but  it  is  probably 
low  in  comparison  with  the  endurance  strength  of  steels.  The  nature 
of  the  bond  or  interface  between  coating  and  steel  is  believed  to  have 
a  very  important  influence  on  the  endurance  properties  of  the  com- 
posite specimen.  The  nature  of  the  surface  of  the  steel,  the  kind  of 
coating  and  the  manner  in  which  it  is  applied  largely  determine  the 
character  of  the  bond  between  coating  and  steel. 

This  investigation  was  restricted  to  a  study  of  the  effect  of  hot- 
dipped  galvamzed  and  electroplated  zinc  coatings  on  the  endurance 
properties  of  low  carbon  open  hearth  iron  and  two  carbon  steels. 

II.  MATERIALS 

Zinc  coatings  were  chosen  because  they  are  the  most  commonly 
used  protective  metallic  coatings  on  ordinary  structural  grades  of 
iron  and  steel.  Both  hot-dipped  galvanized  and  electroplated  coat- 
ings were  used  because  of  the  known  difference  in  the  nature  of  the 
bond  between  steel  and  zinc  coating  of  these  two  types.  Sherardized, 
"galvannealed,"  and  sprayed  zinc  coatings  were  not  studied.  It  is 
believed  that  the  difference  in  the  nature  of  the  bond  of  hot-dipped 
galvanized  coatings  and  sherardized  or  "galvannealed"  coatings,  and 
of  electrodepositei  coatings  and  sprayed  zinc  coatings,  is  one  of  degree 
rather  than  of  kind.  It  is,  of  course,  possible  that  each  of  the  above- 
mentioned  types  of  zinc  coatings  might  affect  the  endurance  proper- 
ties of  a  given  steel  to  a  different  degree. 

The  open-hearth  iron  and  the  two  carbon  steels  were  purchased 
from  jobbers  and  were  not  specially  made  for  this  investigation.  The 
chemical  compositions  of  the  three  materials  (ladle  analyses)  are 
given  in  Table  1 . 

Table  1. — Chemical  composition  of  steels 


Carbon 

Man  pa- 

Phos- 
phorus 

SuJpbur 

Silicon 

Per  cent 
0.02 
.« 
.72 

per  cent 
0.03 
•  CO 
.31 

Per  cent 
0.042 
.015 
.017 

Per  cent 
0.005 
.040 
.019 

Per  eenl 

0.18 
.24 
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Figure  1. — Structure  of  the  carbon  steels.    Specimens  were  etched  with  nital 

(alcohol  containing  J  per  cent  nitric  acid).     X  r^O 

a,  0.4".  per  cent  ntfbon  steel,  normalized  hi  B75°  C,  annealed  at  MX)°  ('.;  6,  0.45  |ier  rent  carbon  steel, 
normalized  at  s"0  <\.  annealed  at  000°  < '  ,  quenched  in  oil  from  <w°  Cjf,  15  pat  cent  i  arbon  steel, 
normalized  at  h7S°  ('.,  annealed  at  N»>°  <\.  quenched  in  oil  from  KH)°  ('..  teni|ien"l  al  '>'<:. °  ('.;</.  0.72 
I>er  cent  carbon  steel,  normalized  at  795*  ('..  annealed  at  7rt.r»°  ('.;  r,  0.72  per  cent  carbon  steel,  nor- 
malized at  71*"°  C.  annealed  at  7«-?.°  <*  .  quenched  in  oil  from  77~>°  <\;  f,  0.72  |ier  cent  carbon  >teel, 
normalized  at  795"  C,  annealed  at  765'  C\,  quenched  in  oil  from  77'.°  <*.,  teui|>ere<l  at  150* 
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The  open-hearth  iron  test  specimens  were  machined  from  the  center 
of  1-inch  diameter  hot-rolled  bars  and  the  specimens  of  the  two  carbon 
steels  from  the  center  of  corresponding  bars  of  three-quarter  inch 
diameter. 

All  of  the  specimens  were  carefully  machined  on  a  lathe  and  finish 
ground  to  size.  They  were  then  polished  longitudinally  until  all 
traces  of  circumferential  tool  marks  were  eliminated  with  emery 
papers  of  successively  finer  grit,  ending  with  0000  paper. 

Endurance  limits  of  the  two  carbon  steels,  coated  and  uncoated, 
were  determined  with  the  steels  in  the  normalized  and  annealed 
condition,  in  the  oil-quenched  condition,  and  in  the  tempered  condi- 
tion.   The  details  of  the  heat  treatments  are  given  in  Table  2. 

To  minimize  any  decarburization  effect,  an  atmosphere  of  illuminat- 
ing gas  was  maintained  in  the  furnace  during  the  heat  treatments. 
As  a  further  precaution  the  hardened  specimens  were  machined  over- 
size and  a  layer  0.005  inch  thick  was  ground  off  the  test  length  after 
the  heat  treatments. 

The  open-hearth  iron  was  used  in  the  "as  rolled"  condition.  The 
micro8tructures  of  the  two  carbon  steels  in  the  three  conditions  of 
heat  treatment  are  shown  in  Figure  1 . 

Table  2. — Heat  treatment  of  carbon  steels 


Temperature  for— 


Normalir. 
ing  > 

Annealing  > 

Quenching » 

Temper- 
lng« 

0.48  per  cent  carbon  steel: 

°F. 

•g 

•F. 

°C. 

°F. 

•c. 

•F.  *C. 

1,607 

875 

1,472 

800 

1.607 

875 

1,472 

800 

I,"S26 

K30 

1,607 

875 

1,472 

800 

1,626 

i.  ioi  m 

0.72  per  cent  carbon  steel: 

1,409 

765 

1.463 

795 

Tempered  

1,463 

795 

1,400 

765 

1,427 

775 

............... 

1. 463 

795 

1,400 

765 

1.427 

775 

**842  450 

'  44-inch  rods,  heated  with  furnace,  held  20  minutes,  air  cooled. 

I  94-inch  rods,  heated  with  furnace,  held  40  minutes,  cooled  with  furnace. 

»  Machined  t«st  bars,  heated  with  furnace,  held  20  minutes,  quenched  in  oil. 

«  Machined  tost  bars,  heated  with  furnace,  held  60  minutes,  cooled  with  furnace. 


The  galvanized  coatings  were  applied  by  the  research  division  of 
the  New  Jersey  Zinc  Co.  (of  Pa.)  by  a  method  approximating  com- 
mercial practice  for  hot-dip  galvanizing.  The  specimens  to  be  gal- 
vanized were  first  polished  to  the  same  degree  as  the  specimens  tested 
in  the  uncoated  condition.  They  were  then  dipped  in  a  hydrochloric 
acid  solution  (2  parts  water  to  1  part  hydrochloric  acid,  specific 
gravity  1.19)  for  two  minutes  and  immediately  into  the  zinc  bath 
held  at  440°  C.  (824°  F.).  A  high-grade  zinc  (containing  99.94  + 
per  cent  Zn)  was  used.  The  weight  of  coating  obtained  varied  from 
1.6  to  2.0  oz./ft.2  The  galvanized  coatings  varied  from  0.0017  to 
0.0035  inch  in  thickness.  This  variation  in  thickness  was  probably 
caused  by  the  fact  that  some  of  the  specimens  had  to  be  dipped  more 
than  once  to  obtain  a  complete  coating.  The  length  of  tune  in  the 
zinc  bath,  accordingly,  varied  from  45  to  100  seconds. 

In  order  to  distinguish  between  the  effect  of  the  acid  pickling  and 
the  combined  effect  of  pickling  and  galvanizing,  fatigue  tests  were 


Digitized  by  Google 


12 


Bureau  of  Standards  Journal  of  Research 


[Vol.  9 


made  on  specimens  of  each  material  which,  after  final  polishing,  had 
been  dipped  for  two  minutes  into  hydrochloric  acid  of  the  same 
strength  used  for  the  galvanized  specimens. 

The  specimens  of  the  quenched  0.45  and  0.72  per  cent  carbon  steels 
which  were  not  galvanized  were  dipped  into  a  lead  bath  for  45  seconds 
at  440°  C.  (824°  F.)  so  that  they  had  the  same  heat  treatment  as 
the  corresponding  hot-dipped  galvanized  specimens.  A  final  polish 
with  0000  emery  paper  was  given  to  the  lead-dipped  specimens  before 
they  were  dipped  into  the  acid  or  tested. 

The  electroplated  zinc  coatings  were  applied  at  the  Bureau  of 
Standards.1  The  procedure  was  as  follows:  (a)  cathode-electrolytic 
cleaning,  two  minutes,  at  90°  C;  (6)  hot-water  rinse;  (c)  cold-water 
rinse;  (d)  pickled  in  sulphuric  acid  (2  N),  two  minutes  at  50°  C; 
(c)  hot-water  rinse;  (/)  hot  alkali  dip  without  current,  two  minutes; 
ig)  scrubbed  with  cleaning  solution,  bristle  brush;  and  (h)  plated  in 
acid  zinc  bath,  24  minutes  1.5  amperes,  35°  C. 

The  electrolytic  cleaner  was  made  up  as  follows:  Sodium  carbonate, 
30  g  per  liter;  trisodium  phosphate,  30  g  per  liter;  and  sodium  hydrox- 
ide, 7.5  g  per  liter. 

The  zinc  anodes  for  the  electroplating  process  were  of  the  same 
order  of  purity  as  the  zinc  used  for  the  hot-dipped  coatings.  The 
thickness  of  the  electrodeposited  coatings  varied  from  0.0021  to  0.0031 
inch,  which  is  roughly  equivalent  to  a  2-ounce  coating. 

III.  TESTING  PROCEDURE 

The  endurance  limit  determinations  were  made  by  both  the  rotating 
beam  and  the  axial  loading  methods  of  stressing.  The  rotating  beam 
tests  were  made  on  R.  R.  Moore  machines  and  the  axial  loading  tests 
were  made  on  Haigh  alternating  stress  testing  machines,  in  which 
the  specimens  were  subjected  to  alternating  equal  tensile  and  com- 
pressive stresses.  The  form  of  the  specimens,  methods  of  calibration 
of  the  testing  machines,  and  testing  procedure  followed  have  been 
described  previously  by  one  of  the  authors.2 

Axial  loading  tests  were  not  made  on  zinc-plated  specimens  as  it 
was  believed  that  the  effect  of  the  electrodeposited  coating  on  the 
endurance  limit  determined  by  this  method,  would  be  of  the  same 
order  as  was  found  for  the  rotating  beam  tests.  As  a  further  economy 
in  number  of  specimens,  axial  loading:  tests  were  not  made  on  the 
0.45  and  0.72  per  cent  carbon  steels  in  the  quenched  condition  be- 
cause these  steels  are  seldom  used  in  this  condition.  Rotating  beam 
tests  of  electroplated  specimens  of  the  0.72  per  cent  carbon  steels  in 
the  quenched  condition  and  of  the  0.45  per  cent  carbon  steel  in  the 
annealed  and  in  the  quenched  conditions  were  also  omitted. 

Usually  nine  specimens  were  used  in  the  determination  of  each 
endurance  limit.  One  specimen  of  each  series,  except  the  pickled 
specimens,  tested  on  the  Moore  machines  was  subjected  to  25,000,000 
cycles  of  reversed  stress  at  the  endurance  limit  and  then  restressed 
at  a  value  5,000  lbs. /in.*  above  the  endurance  limit.  An  annealed,  a 
quenched,  and  a  tempered  specimen  of  the  0.45  per  cent  carbon  steel 
and  an  annealed  and  a  tempered  specimen  of  the  0.72  per  cent  carbon 

»  The  plating  was  done  by  the  electrochemistry  laboratory  under  the  supervision  of  Dr.  W.  Blum. 
«  R.  D.  France,  Endurance  Testing  of  Steel:  Co-nparison  of  Results  Obtained  with  Rotating-Beam 
versus  A xlally- Loaded  Specimen*,  Proc.,  Am.  Soc.  Testing  Materials,  vol.  31,  pt.  2.  p.  176,  1931. 
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steel  were  stripped  of  their  galvanized  coatings,  after  which  they 
were  tested  at  a  stress  just  under  the  fatigue  limit  determined  on  the 
acid-pickled  specimens  of  the  corresponding  materials. 

The  stresses  applied  to  the  acid  pickled  and  the  coated  specimens 
were  calculated  on  the  diameter  of  tne  polished  specimen  before  it  was 
pickled  or  coated.  The  diameters  were  measured  with  a  special  micro- 
meter capable  of  a  precision  of  plus  or  minus  0.0001  inch.  The  change 
in  diameter  caused  by  either  the  acid  treatment  alone  or  the  acid 
treatment  and  the  application  of  the  zinc  coating  was  in  all  cases  less 
than  0.0002  inch. 

The  tensile  strengths  of  the  three  materials  were  determined  on 
standard  0.505  inch  diameter  test  bars,  heat  treated  in  the  same  way 
as  the  endurance  specimens.  Hardness  determinations  were  made  on 
the  ends  of  the  tensile  and  endurance  test  bars. 

IV.  RESULTS 

The  results  of  the  fatigue  limit  determinations  are  given  in  Table  3, 
together  with  the  tensile  strength  and  hardness  of  the  steels  and  the 
per  cent  change  in  fatigue  limits  caused  by  the  pickling,  by  the  pickling 
and  galvanizing,  and  by  the  electroplating.  The  fatigue  limits  are  also 
shown  graphically  in  Figure  2. 

Conventional  S-N  diagrams  for  all  of  the  fatigue  limit  determina- 
tions are  given  in  Figures  3  to  9. 
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V.  DISCUSSION 

The  fatigue  limits  of  the  specimens  that  had  been  dipped  in  acid 
were  lower  than  the  fatigue  limits  of  the  polished  uncoatea  specimens 
of  the  corresponding  materials.  The  decrease  was  not  uniform  for 
the  different  materials  but  ranged  from  zero  for  the  tempered  0.45 
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per  cent  carbon  steel  to  40  per  cent  for  the  quenched  0.72  per  cent 
carbon  steel.  This  result  was  clearly  a  manifestation  of  the  "notch 
effect "  caused  by  the  acid  treatment  and  was  of  the  same  nature  as 
the  corrosion  effect  which  has  been  shown  by  McAdam  (1,  2), 3  to 
have  a  pronounced  influence  on  the  endurance  properties  of  metals. 


» The  numbers  in  parentheses  here  ami  throughout  the  text  refer  to  the  papers  listed  in  the  selected  bibli- 
ography appended  to  this  paper. 
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The  variations  in  the  effect  of  the  acid  treatment  on  the  fatigue 
limits  are  undoubtedly  associated  with  different  solubility  rates  of 
the  materials  in  the  three  conditions  of  heat  treatment.  The  differ- 
ence in  the  surface  contours  of  the  steel  in  different  specimens  of  any 
one  series  was  of  about  the  same  magnitude  as  the  difference  between 
the  three  series  of  specimens  (acid  pickled,  galvanized,  and  electro- 
plated). Figure  10  shows,  in  longitudinal  section,  typical  surface 
contours  of  the  steel  of  the  specimens  after  the  various  treatments. 

The  decrease  in  fatigue  limit  resulting  from  the  acid  treatment 
was  much  greater  for  the  quenched  carbon  steels  than  for  the  an- 
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Figure  3.—S-N  diagrams  for  fatigue  tests  of  0.02  per  cent  carbon  open- 
hearth  iron 


nealed  or  tempered  steels.  This  is  in  accord  with  the  generally 
accepted  idea  that  a  hard  steel  with  low  ductility  is  more  susceptible 
to  notch  effects  than  a  softer  and  more  ductile  steel. 

There  was  a  marked  decrease  in  the  fatigue  limit  of  the  galvanized 
materials  as  determined  by  the  rotating-beam  method  except  for  the 
open-hearth  iron,  for  which  there  was  little  if  any  difference  (4.0  per 
cent).  For  the  carbon  steels  the  decrease  ranged  from  13  to  42.5  per 
cent,  and  was  greater  for  the  quenched  and  the  tempered  steels  than 
for  the  annealed  steels.  By  the  axial  loading  method  of  test  the 
decrease  for  the  open-hearth  iron  was  13.5  per  cent  and  for  the  carbon 
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steels  the  decrease  was  much  greater  in  the  tempered  steels  than  in 
the  annealed  steels. 

Except  for  the  open-hearth  iron  and  the  quenched  0.72  per  cent 
carbon  steel,  the  decrease  in  fatigue  limit  was  greater  for  the  gal- 
vanized than  for  the  acid-pickled  material.  It  might  be  considered 
that  this  further  decrease  was  caused  by  an  increased  pitting  or 
notch  effect  on  the  surface  of  the  steel  by  the  action  of  tne  zinc  in 
the  galvanizing  process.  That  this  was  not  the  only  cause  is  indi- 
cated by  the  fact  that  galvanized  specimens  of  the  annealed  and  the 
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Figure  4. — S-N  diagrams  for  fatigue^  tests  of  0.46  per  cent  carbon  steel, 

quenched  0.45  per  cent  carbon  steels,  and  of  the  annealed  0.72  per 
cent  carbon  steels,  when  stripped  of  the  zinc  coating4  did  not  fail  in 
10,000,000  cycles  in  the  rotating  beam  machines  at  stresses  just  under 
the  fatigue  limits  of  the  acid-pickled  materials.  The  stripped  speci- 
men of  the  tempered  0.45  per  cent  carbon  steel  failed  after  3,500,000 
cycles  which  indicated  that  its  fatigue  limit  was  not  much  lower  than 
the  stress  at  which  it  failed.  The  stripped  specimen  of  the  tempered 
0.72  per  cent  carbon  steel  failed  after  300,000  cycles,  but  at  a  stress 
32,000  lbs. /in.2  higher  than  the  fatigue  limit  of  the  galvanized  material. 

Hence  it  is  believed  that  the  conclusion  is  warranted  that  the 
presence  of  a  hot-dip  galvanized  coating  causes  a  serious  lowering 


*  The  tine  coatings  were  dissolved  In  hydrochloric  acid  (specific  gravity  1.19)  containing  1  ml  of  antimony 
chloride  solution  [32  g  of  SbClj  in  1,000  ml  HC1  (specific  gravity  l  ie)]  to  100  ml  of  acid.  A.  S.  T.  M.  specifi- 
cation A  90-30. 
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of  the  fatigue  limit  of  carbon  steels  below  that  which  would  be  ob- 
tained in  the  same  steels  in  the  polished  but  uncoated  condition. 

A  similar  conclusion  can  be  drawn  from  the  results  of  investigations 
by  Harvey  (3,  4),  Haigh  (5),  and  Fuller  (6)  of  the  protection  against 
corrosion  fatigue  afforded  to  steels  by  galvanized  or  other  types  of 
metallic  coatings.    Although  their  results  showed  that  the  endur- 
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Figure  5. — S-N  diagrams  for  fatigue  tests  on  0.46  per  cent  carbon 

quenched 

ance  properties  of  the  coated  metals  were  definitely  better  than  for 
the  uncoated  metals,  when  subjected  to  simultaneous  stress  and  cor- 
rosion, the  corrosion-fatigue  limits  of  the  galvanized  materials  were 
at  the  same  time  lower  than  the  endurance  limits  of  the  uncoated 
materials  not  subjected  to  corrosion. 

In  marked  contrast  to  the  lower  fatigue  limit  of  the  galvanized 
specimens,  the  fatigue  limits  of  the  zinc-plated  specimens  of  the  softer 
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steels  were  equal  to  those  of  the  corresponding  uncoated  specimens. 
The  fatigue  limits  of  the  zinc-plated  specimens  of  the  tempered  steels 
were  higher  than  those  of  the  corresponding  uncoated  specimens  by 
5.5  per  cent  for  the  medium  carbon  and  1 1  per  cent  for  the  higher 
carbon  steel. 
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Figure  6. — S-N  diagrams  for  fatigue  tests  on  0.45  per  cent  carbon  steel,  tempered 


Both  the  hot-dip  galvanized  and  the  electroplated  specimens  had 
been  subjected  to  comparable  acid  treatments  before  the  coatings 
were  applied.  Furthermore,  the  steels  of  each  series  were  identical 
in  composition  and  had  received  the  same  heat  treatments.  Hence 
any  differences  in  fatigue  properties  of  thejgalvanized  and  electro- 
plated specimens  of  the  same  series  can  not  be  ascribed  to  differences 
in  the  steels  themselves,  particularly  to  any  suspected  differences  in 
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rate  of  notch  propagation.  It  is  believed  that  the  increased  fatigue 
limits  of  the  electroplated  coatings  were  not  the  result  of  a  strength- 
ening effect  of  the  zinc  coating.  Numerous  cracks  were  found  in 
both  types  of  coatings  in  the  more  highly  stressed  portions  of  the 
specimens  after  they  were  removed  from  the  testing  machines. 
This  indicates  that  the  maximum  fiber  stresses  in  the  coatings  were 
above  their  endurance  limits.  It  is  reasonable  to  expect  that  the 
endurance  strength  of  the  galvanized  coating  was  higher  than  that 
of  the  electrodeposited  zinc.    Consequently  any  strengthening  effect 
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Figfre  7. — S-N  diagrams  for  fatigue  tests  on  0. 72  per  cent  carbon  steel,  annealed 


from  the  coating  would  be  expected  to  be  derived  from  the  galvan- 
ized rather  than  from  the  electrodeposited  coating. 

The  two  types  of  coating  are  different  in  many  respects.  The 
electrodeposited  coatings,  as  would  be  expected,  were  homogeneous 
throughout.  The  bond  between  zinc  and  steel  may  have  been  a 
"molecular  bond,"  but  at  the  interface  there  was  little,  if  any,  dif- 
fusion of  iron  into  the  zinc.  Figure  11  (a)  shows  a  typical  cross 
section  of  the  electroplated  steel  specimen. 

The  structure  of  hot-dipped  galvanized  coatings  on  steel  has  been 
studied  by  a  number  of  investigators  (7,  8,  9).    Without  going  into 
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a  detailed  discussion  of  the  composition  of  the  layers  it  suffices  at 
this  time  to  state  that  the  galvanized  coatings  on  the  specimens  used 
in  this  investigation  consisted  of  at  least  three  layers.  The  outer 
layer  was  predominantlv  pure  zinc,  the  innermost  layer  consisted 
largely  of  the  more  or  less  well-known  iron-zinc  intermetallic  com- 
pounds. The  intermediate  layer  consisted  largely  of  intermetallic 
compound  or  compounds  interspersed  in  a  zinc  matrix.  On  the 
annealed  steel  and  the  open-hearth  iron  specimens  the  intermediate 
layer  was  relatively  much  thicker  than  the  innermost  layer,  whereas, 
on  the  quenched  and  on  the  tempered  steels  the  thickness  of  the 
innermost  layer  approached  that  of  the  intermediate  layer. 
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Figure  8. — S-N  diagrams  for  fatigue  tests  on  0.72  per  cent  carbon  steel,  quenched 


Micrographs  (c)  and  (d)  Figure  11  show  in  cross-section  the  gal- 
vanized coatings  on  an  annealed  and  on  a  quenched  0.45  per  cent 
carbon  steel.  The  difference  in  thickness  of  the  inner,  iron  rich, 
layers  is  marked.  Possibly  a  difference  in  solubility  in  zinc  of  the 
heat-treated  steel,  and  the  annealed  steel  or  open-hearth  iron  is 
responsible  for  the  difference  in  thickness  of  the  alloy  layers. 

The  scratch  hardness  of  the  two  types  of  coating  indicated  that  the 
outer  layer  of  the  galvanized  coatings  was  of  the  same  order  of  hard- 
ness as  the  electrodeposited  coatings.  The  intermediate  and  inner- 
most layers  of  the  galvanized  coatings  were  increasingly  harder  as 
the  steel  surface  was  approached.  This  is  illustrated  in  the  micro- 
graphs (e)  and  (f)  of  Figure  11.  The  alloy  layer  adjacent  to  the  steel 
{e)  appears  to  be  even  harder  than  the  steel  itself. 

As  stated  before,  there  were  numerous  cracks  in  both  types  of 
coating  of  the  tested  specimens.    In  the  electrodeposited  coatings 
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Figure  9. — S~N  diagrams  for  fatigue  tests  on  0.72  per  cent  carbon  steel,  tempered 
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FIGURE  10. —  Typical  contours  of  the  steel  surface  of  speci- 
mens unetched.    X  oO 

a.  Polished;  6,  polished  ami  then  acid  pickled;  c,  polished,  arid  pickled, 
and  then  galvanized;  A.  polished,  acid  pickled,  galvanized,  ami  then 
.stripped,  and  e,  polisheil  and  then  electroplated. 
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FlGUKE  11 

a,  Structure  of  elect rodeposited  zinc  coating  on  0.72  |>er  cent  carbon  steel.  annealed;  6.  crack  in  gal- 
vanized coating  extending  into  steel.  0.4.")  per  cent  carbon,  annealed;  c,  structure  of  galvanized  coat- 
ing on  0.45  per  cent  carbon  steel,  annealed.  Note  the  relatively  thick  intermediate  layer,  the  thin 
innermost  layer,  and  the  light  colored  outer  layer  of  relatively  pure  zinc;  cf.  galvanized  coating  on 
0.45  per  cent  carbon  steel  tempered.  Note  the  thickness  of  the  inner,  bard,  brittle  layer  adjacent 
to  the  hardened  steel  as  compared  with  the  thin  layer  of  similar  composition  next  to  the  softer 
steel  of  photograph  c;  e,  scratch  made  with  Ilierhaum  microcharacter  across  galvanized  coating  on 
tempered  0.45  per  cent  carbon  steel.  Note  differences  in  width  of  scratch  in  the  outer  zinc  layer 
and  the  intermediate  and  innermost  iron-zinc  alloy  layers.  Note  that  the  innermost  alloy  layer 
appears  to  be  harder  than  the  steel:  /.  scratch  made  with  Bierbanm  microcharacter  across  elec- 
trode posited  zinc  coating  on  tempered  0.72  percent  carbon  steel.  Discontinuity  of  scratch  between 
zinc  and  steel  was  caused  by  difference  in  elevation  between  zinc  and  steel.  Etched  with  chromic 
acid  solution  containing  sodium  sulphate  (20  g  CrOj.  1.5  g  NaiSOt  in  100  ml  H:0).  X  275.  Arrows 
indicate  steel  base. 
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the  cracks  were  irregular  (a)  Figure  11,  and  appeared  to  be  inter- 
granular.  In  the  galvanized  coatings  there  were  many  more  cracks 
in  the  intermediate  and  innermost  layers  than  in  the  outer  layer. 
Many  of  the  cracks  appeared  to  have  started  in  the  layer  adjacent  to 
the  steel  and  to  have  progressed  toward  the  outer  surface,  and  in 
some  instances  the  surface  was  not  quite  reached.  In  many  instances 
the  cracks  undoubtedly  originated  at  the  surface  and  progressed 
inwardly  toward  the  steel. 

Of  the  broken  specimens  which  were  sectioned  for  examination 
under  the  microscope,  two  were  found  in  which  there  was  a  crack  in 
the  steel  which  was  a  continuation  of  a  crack  in  the  innermost  layer 
of  the  galvanized  coatings.  One  of  these  is  shown  in  (6)  Figure  11. 
Although  there  were  many  cracks  in  the  galvanized  coatings,  the 
evidence  indicated  that  only  a  few  had  advanced  into  the  steel.  The 
probability  is  that  none  of  the  cracks  in  the  electrodenosited  coatings 
had  extended  into  the  steel,  and  that  the  cracks  which  caused  failure 
of  the  electroplated  specimens  in  the  fatigue  test  originated  in  the 
steel  itself. 

The  explanation  of  the  lower  fatigue  limits  of  the  galvanized 
specimens  as  compared  with  the  uncoated  or  electroplated  specimens 
is  believed  to  lie:  (a)  In  the  difference  in  the  stress  conditions  at  the 
bottom  of  a  crack  in  the  inner,  relatively  hard,  layers  of  the  galva- 
nized coating  and  those  in  a  similar  crack  in  the  softer  electrodeposited 
zinc;  and  (6)  in  the  difference  in  the  nature  of  the  bond  between  zinc 
and  steel  in  the  two  types  of  coatings. 

It  has  been  shown  (10)  that  in  relatively  soft  and  ductile  metals 
subjected  to  repeated  stresses,  slip  lines  form  either  previously  to,  or 
subsequently  to,  the  appearance  of  cracks  and  that  the  cracks  advance 
in  the  direction  of  the  slip  lines.  The  slip  lines  are  an  indication  of 
plastic  deformation  under  an  applied  stress  which  decreases  when  the 
deformation  occurs.  It  is  believed  that  the  zinc  of  the  electrode- 
posited  coatings  had  sufficient  ductility  to  deform  around  the  bottom 
of  an  advancing  crack,  and  that  the  resulting  decrease  in  stress  con- 
centration when  the  crack  had  advanced  to  the  steel  was  sufficient 
to  stop  the  crack  at  that  point.  The  discontinuity  between  zinc  and 
steel  was  an  additional  aid  in  halting  further  advance  of  the  crack. 
Consequently,  the  normal  endurance  limit  of  the  steel  was  attained. 

In  the  case  of  the  galvanized  specimens,  a  crack  advancing  into  the 
relatively  hard  and  very  brittle  inner  layers  did  not  meet  with  any 
conditions  conducive  to  a  decrease  of  stress  concentration.  The 
crack  progressed  to  the  outer  steel  fibers  with  undiminished  stress. 
The  intimate  bond  between  coating  and  steel  offered  no  obstacle 
to  the  advance  of  the  crack  into  the  steel.  Naturally  not  every  crack 
produced  in  the  coating  in  the  course  of  the  fatigue  test  penetrated 
into  the  steel.  A  fortuitous  combination  of  maximum  stress  concen- 
tration and  conditions  at  the  surface  of  the  steel  most  favorable  to 
the  propagation  of  the  stress,  determined  the  location  of  the  crack 
which  led  to  failure  of  the  specimen.  Consequently  since  the  pres- 
ence of  a  hot-dipped  galvanized  coating  promotes  stress  concentra- 
tions, the  fatigue  limit  of  such  a  coated  specimen  was  appreciably 
lower  than  the  normal  endurance  limit  of  the  steels. 

The  data  obtained  on  the  specimens  which  were  restressed  at  5,000 
lbs./in.a  above  the  fatigue  limit,  after  they  had  been  subjected  to 
25,000,000  cycles  of  stress  at  the  fatigue  limit,  indicated  that  only  the 
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quenched  and  the  tempered  Bteels  were  appreciably  strengthened  by 
the  previous  understressing.  All  of  the  annealed  carbon  steel  and 
open-hearth  iron  specimens  tested  failed  to  "run"  at  the  higher  stress. 
The  0.72  per  cent  carbon  steel  specimen,  uncoated  and  the  two  electro- 
plated specimens  of  the  0.72  and  the  0.45  per  cent  carbon  steel,  in 
the  tempered  condition,  also  failed  to  run. 

The  interesting  observation  was  made  that  distinct  spangles  were 
developed  on  the  surface  of  the  zinc  of  the  galvanized  specimens 
shortly  after  they  were  placed  in  operation  in  the  rotating  beam 
machines. 
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POWER  INPUT  AND  DISSIPATION  IN  THE  POSITIVE 
COLUMN  OF  A  CESIUM  DISCHARGE 

By  F.  L.  Mohlcr 


ABSTRACT 

The  power  input  per  centimeter  is  equal  to  the  voltage  gradient  times  the 
current.  Two  recognized  sources  of  power  dissipation  are  the  recombination  of 
ions  on  the  tube  walls  and  the  atomic  radiation. 

The  voltage  gradient  is  measured  between  two  probes  at  the  axis  of  the  dis- 
charge tube.  The  flow  of  ions  to  the  walls  ia  measured  by  a  disk  probe  at  the 
wall.  The  recombination  energy  is  the  kinetic  energies  of  tlie  ions  and  electrons^ 
which  can  be  evaluated  from  the  probe  current-voltage  curves,  plus  the  ionization 
energy. 

The  total  radiation  was  measured  by  a  thermopile  while  transmission  correc- 
tions were  determined  by  a  photo-electric  cell.  The  first  doublet  of  the  principal 
series  at  8,521  and  8,944  A  contributes  most  of  the  radiation. 

Results  show  that  with  low  currents  and  pressures  the  radiation  and  recom- 
bination losses  account  for  nearly  the  entire  power  input.  With  increasing  cur- 
rents and  pressures  there  is  an  increasing  balance  of  power  which  is  unaccounted 
for.  All  the  power  terms  change  very  slowly  with  pressure.  The  recombination 
loss  is  negligible  at  low  currents  and  the  most  important  factor  at  high  currents. 
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I.  INTRODUCTION 

Conditions  in  the  positive  column  are  determined  by  the  nature 
of  the  gas  in  the  tube,  the  density  of  the  gas,  the  size  of  the  tube  and 
the  current.  This  applies  to  all  types  of  direct  current  discharge; 
cold  cathode  glow  discharges,  thermionic  discharges  and  arcs  when 
they  operate  under  current  and  pressure  conditions  in  which  a  true 
column  exists.  In  the  uniform  or  unstriated  column  the  voltage 
gradient,  electron  and  ion  concentrations,  electron  speed,  and,  in- 
deed, all  the  dependent  variables  remain  nearly  constant  along  the 
length  of  the  column.  Kor  this  reason  it  is  the  simplest  part  of  the 
discharge  to  study  and  it  should  be  the  simplest  to  understand  though 
there  is  no  general  theory  relating  all  dependent  and  independent 
variables.1 

The  power  input  per  centimeter  of  a  uniform  column  is  equal  to 
the  voltage  gradient  tunes  the  current,  and  it  follows  from  the  nature 
of  the  column  that  the  power  dissipated  in  each  element  of  length 
is  equal  to  the  input.  The  dissipation  of  power  appears  as  heating 
of  the  tube  walls,  either  directly  or  by  conduction  and  radiation  from 


1  Tonks  and  Langmuir,  Phys.  Rev.,  vol.  34,  p.  876,  1929. 
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the  gas,  and  as  selective  radiation  of  the  atoms  which  is  transmitted 
by  the  tube  walls.  The  general  statement  is  made  in  the  Handbucb 
der  Physik  that  the  total  radiation  is  a  small  fraction  of  the  power 
input,  but  the  experiments  cited  deal  with  gases  which  have  their 
strongest  radiation  in  the  far  ultra-violet  and  this  is  completely  ab- 
sorbed by  the  tube  walls.  Thus  Crew  and  Hulburt  2  find  that  the 
total  radiation  emitted  by  a  hydrogen  discharge  is  about  1  per  cent 
of  the  input,  but  they  point  out  that  about  nine  times  the  observed 
radiation  is  in  the  first  Lyman  line  alone. 

The  alkali  vapor  spectra  are  the  only  spectra  in  which  all  the  strong 
lines  are  transmitted  by  glass.  The  possibility  of  obtaining  a  high 
radiant  efficiency  is  utilized  in  the  Osram  sodium  lamp.3  Under 
normal  operating  conditions  (current  density  1  amp.  per  cm2)  the 
lamp  radiates  about  9  per  cent  of  the  power  input.  This  radiation  is 
predominantly  D  lines  and  the  luminous  efficiency  is  probably  higher 
than  any  other  light  source,  though  the  figure  for  radiation  efficiency 
is  certainly  not  impressive.  The  fact  is  that  the  lamp  has  to  be  over- 
loaded to  a  point  of  low  efficiency  to  maintain  a  high  tube  tempera- 
ture and  vaporize  the  sodium.  With  one-tenth  of  the  normal  current 
and  external  heating  a  radiation  efficiency  of  70  per  cent  is  observed . 

There  is  no  published  work  in  which  radiation  measurements  have 
been  combined  with  detailed  electrical  measurements  in  the  study 
of  a  discharge.  Other  phases  of  power  dissipation  have  been  treated 
by  Langmuir  and  his  associates  in  their  comprehensive  theoretical 4 
and  experimental 6  studies  of  the  mercury  positive  column.  An 
important  factor  is  the  flow  of  ions  to  the  walls  and  their  recombina- 
tion on  the  walls.  The  fraction  of  the  power  dissipated  in  this  way 
depends  on  the  current  and  is  small  for  low  currents.  Elastic  col- 
lisions between  electrons  and  atoms  will  give  some  energy  to  the 
atoms,  but  Killian  has  evaluated  this  loss  and  finds  it  negligibly 
small  for  the  mercury  arc.  He  concludes  that  power  dissipated  in 
inelastic  collisions  between  electrons  and  atoms  and  radiated  by  the 
atoms  must  account  for  the  balance  of  the  power  loss  not  accounted 
for  by  recombination  on  the  walls.  The  conclusion  seems  entirely 
reasonable,  though  there  is  a  possibility  that  the  excited  atoms  dissi- 
pate some  energy  by  collisions  with  normal  atoms.  The  probability 
of  dissipation  of  energy  by  collision  (quenching)  during  the  life  of  an 
excited  state  is  undoubtedly  small  under  most  discharge  conditions; 
but  since  the  resonance  radiation  is  very  strongly  absorbed,  the  radi- 
ation diffuses  slowly  through  the  gas  by  repeated  absorption  and  emis- 
sion. For  this  reason  the  small  probability  of  quenching  during  the 
radiation  life  must  be  multiplied  by  a  large  and  unknown  factor  to 
give  the  probability  of  quenching  during  the  diffusion  time. 

This  paper  reports  measurements  of  power  input,  radiation  loss, 
and  wall  recombination  loss  in  the  positive  column  of  a  caesium 
discharge.  Tubes  of  one  diameter  1.8  cm  have  been  used,  and  the 
effect  of  the  two  remaining  independent  variables,  vapor  density,  and 
current,  have  been  studied.  This  work  has  been  done  in  conjunc- 
tion with  a  study  of  collision  processes  in  the  positive  column  which 
will  be  reported  m  another  paper. 


«  Crew  and  Hulburt,  Phys.  Rev.,  vol.  29,  p.  843,  1927. 

»  Kreft,  PIrani,  and  Kompe,  Tech.  W.ssenschaft  Abhnndl  an*  <iem  Osrain  Konzern,  vol  2,  p.  24.  1981. 
*  Tonks  and  Langmuir.  Oeneral  Theory  of  the  Plasnia  of  an  Arc,  Phys.  Rev.,  vol.  84,  p.  876,  1929. 
»  Killian,  Uniform  Positive  Column  ol  an  Electric  Discharge  in  Mercury  Vapor,  Phys.  Rev.,  vol.  36, 
p.  1238,  1930. 
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II.  ELECTRICAL  MEASUREMENTS 

Figure  1  illustrates  the  type  of  discharge  tube  used.  A  thermionic 
discharge  from  an  oxide-coated  platinum  strip  cathode  was  employed. 
Vapor  pressure  was  controlled  by  a  separate  heater  around  the  side 
tube  containing  the  caesium.  Tubes  were  outgassed  by  baking  and 
by  running  a  discharge  for  four  or  five  hours  before  sealing  off  from 
the  pumps. 


Figure  1. — Discharge  tube  used  in  making  power  input  and  dissipation 

measurements 


The  voltage  gradient  was  measured  between  two  small  probes 
near  the  axis  of  the  tube  and  12  cm  apart.  For  the  lower  pressure 
and  current  conditions  the  probes  were  platinum  wires  0.4  mm  in 
diameter  and  2  mm  long.  For  the  higher  currents  the  platinum  wires 
were  cut  off  flush  with  the  insulating  tube.  In  caesium  vapor  diffi- 
culty is  encountered  from  leakage  over  the  insulating  surfaces,  and 
this  was  greatly  reduced  by  avoiding  a  close  fit  between  the  insulat- 
ing tube  and  the  wire.  Melting  off  of  the  small  probes  by  the  striking 
of  an  arc  was  a  source  of  trouble.  If  a  probe  is  too  large  the  current 
may  rise  to  a  destructive  value  even  at  potentials  negative  to  the 
space  potential.    The  random  space  current  becomes  so  large  that 
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an  electrode  less  than  0.01  cm*  in  area  may  rob  the  discharge  and 
suddenly  become  the  anode.  The  ion  current  to  the  wafls  was 
measured  bv  a  disk  of  platinum  1  cm  in  diameter  which  was  bent  to 
fit  against  the  wall. 


VOLTS  relative  to  anode 

Figure  2. — Log  current  voltage  curves  for  the  two  small  probes  at  the  axis  of 

the  tube  and  IS  cm  apart 

Vertical  dashes  mark  the  potentials  of  zero  current. 

Figure  2  gives  plots  of  the  log  of  the  electron  current  to  the  small 
probes  versus  potential  relative  to  the  anode  for  several  typical  condi- 
tions.  The  plots  are  accurately  linear  for  all  conditions.   The  slope 
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of  the  left  branch  measures  the  electron  energy;  the  intersection  of 
the  two  branches  measures  the  space  potential.  The  slopes  as  meas- 
ured by  the  two  probes  are  equal  within  experimental  error.  The 
electron  current  to  the  disk  also  rises  at  the  same  rate,  showing  that 
the  electron  energy  is  the  same  at  the  center  and  at  the  wall.  This 
has  been  shown  before  by  Killian.* 

The  voltage  difference  between  the  probes  can  be  obtained  from 
the  difference  between  the  space  potentials,  or  since  the  curves  are 
parallel,  it  can  be  measured  between  the  potentials  of  zero  current. 
The  two  intervals  agree  within  about  0.1  volt,  while  the  difference  is 
several  volts.  This  difference,  divided  by  12  and  multiplied  by  the 
current,  gives  the  input  in  watts  per  centimeter  of  the  column. 

The  power  dissipated  by  flow  of  ions  to  the  tube  walls  is  equal  to 
the  ion  current  in  amperes  times  the  sum  of  the  ionization  potential 
(3.9  volts)  plus  the  potential  drop  through  which  the  ions  fall,  plus 
the  energy  m  electron  volts  of  the  electrons.  The  leakage  to  the  disk 
at  negative  potentials  was  always  measurable,  but  in  general  small 
enough  so  that  an  extrapolation  of  the  current  voltage  curve  to  the 
wall  potential  should  involve  no  serious  error.  This  current  multiplied 
by  the  geometrical  factor,  7.2,  gives  the  ion  current  to  1  cm  of  the 
tube.  The  assumption  that  the  current,  corrected  for  leakage, 
measures  pure  ion  current  requires  some  justification.  In  many  dis- 
charges the  electron  emission  from  negative  electrodes  is  an  important 
part  of  the  current.  This  emission  comes  from  photo-electric  effect 
and  from  collision  of  excited  atoms  with  the  metal  surface  and  in  either 
case  depends  on  whether  the  energy  of  the  excited  states  is  greater 
than  the  work  function  of  the  metal.  The  energy  of  the  caesium 
resonance  state  is  1.45  electron  volts.  Ives  and  Olpin 7  find  that  the 
minimum  work  function  of  a  pure  metal  surface  in  caesium  is  about 
equal  to  this,  while  the  results  of  Boeckner  and  the  author 8  on  probe 
radiation  indicate  that  platinum  probes  in  a  caesium  discharge  have  a 
high  work  function  compared  to  other  metals  (well  above  2  volts,  but 
not  measured).  The  consistency  of  the  present  measurements  of 
power  input  and  loss  gives  further  evidence  that  no  serious  error  has 
been  made  in  interpreting  the  current  at  negative  potentials  as  an 
ion  current. 

In  the  discharge  space  the  random  electron  current  is  about  a 
thousand  times  the  ion  current,  and  the  insulating  wall  must  take  up 
a  potential  which  draws  the  full  ion  current  to  it  and  limits  the  electron 
current  to  an  equal  value.  The  potential  difference  is  limited  to  a 
thin  sheath  a  fraction  of  a  millimeter  thick  over  the  surface  of  the  tube. 
There  is  also  a  small  potential  difference  in  the  same  direction  between 
the  space  potential  near  the  wall  and  at  the  center  of  the  tube.  Since 
the  electrons  have  a  Maxwell  distribution  of  velocity,  the  small  frac- 
tion of  fast  electrons  which  pass  through  the  retarding  field  will  reach 
the  wall  with  the  same  distribution  of  velocity  as  the  electrons  in  the 
field  free  space.  The  contribution  of  the  electorn  kinetic  energy  in 
electron  volts  (0.2  to  0.3  volt)  is  obtained  from  the  semilog,  plot. 

VQ={Vt-Vx)l{lnIx-lnI2) 

A  rigorous  measurement  of  the  potential  through  which  the  ions  fall 


•  Killian,  Pbys.  Rev.,  vol.  it,  p.  1238,  1930. 

•  Ives  and  Olpin,  Phjrs.  Rev.,  vol.  34,  p.  117,  1029. 

•  Mobler  and  Boeckner,  B.  8.  Jour.  Research,  yol.  7,  p.  751, 1931. 
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would  require  a  small  probe  at  the  wall  which  could  be  brought  to  the 
space  potential.    (The  disk  is  much  too  big  for  this.)    Then  the  dif- 
ference between  the  potential  of  zero  current  and  the  space  potential 
would  give  the  potential  drop  in  the  sheath  (about  2  volts).  The 
average  ion  also  falls  through  a  potential  drop  somewhat  less  than 
the  difference  in  space  potentials  near  the  walls  and  at  the  center  of 
the  tube,  a  matter  of  a  few  tenths  of  a  volt.    From  a  consideration  of 
Killian's  measurements  it  was  evident  that  the  difference  between 
the  space  potential  and  potential  of  zero  current  at  the  center  of  the 
the  tube  was  slightly  larger  than  the  potential  drop  across  the  wall 
sheath  and  less  than  the  drop  between  the  center  of  the  tube  and  the 
wall.    The  error  in  using  this  potential  drop  instead  of  the  true  poten- 
tial difference  can  only  be  0.1  or  0.2  volt;  and  as  the  recombination 
energy  is  6  or  7  electron  volts,  the  use  of  another  probe  at  the  wall 
seemed  unnecessary. 


The  predominant  lines  in  an  alkali  metal  spectrum  are  the  first 
doublet  in  the  principal  series,  and  in  caesium  these  lines  fall  in  the 
near  infra-red  at  8,521  and  8,944  A.  Nearly  all  other  lines  fall  in  a 
range  transmitted  by  glass  and  water  except  the  first  doublet  of  the 
diffuse  series  near  36,000  and  35,000  A.  As  the  tube  is  operated  in  a 
furnace  at  250°  to  300°  C,  the  use  of  a  water  cell  in  making  thermopile 
measurements  was  unavoidable  and  this  far  infra-red  doublet  was 
completely  filtered  out.  The  G.  E.  caesium-oxygen-silver  photo- 
electric cell  is  very  sensitive  to  the  resonance  lines,  and  it  was  useful 
in  evaluating  the  transmission  of  the  water  cell,  tube  walls,  etc.  A 
disk  thermopile  0.5  cm  in  diameter  was  used. 

The  procedure  was  as  follows:  The  thermopile  was  calibrated 
without  the  water  cell  or  any  window  against  a  radiation  standard. 
It  was  then  exposed  through  a  water  cell  and  furnace  window  to  the 
caesium  radiation  from  the  full  width  and  a  10  cm  length  of  the  positive 
column.  The  galvanometer  deflection  of  3  or  4  cm  could  be  measured 
with  sufficient  precision  by  averaging  many  observations.  It  was 
inconveniently  small  for  routine  measurements,  so  the  deflection  of 
the  direct  radiation  was  compared  with  the  deflection  produced  when 
the  radiation  from  a  1  cm  length  of  the  tube  was  focused  by  a  short 
focus  lens  so  that  the  entire  image  fell  on  the  thermopile.  Tne  trans- 
mission of  the  tube  wail,  furnace  window,  and  water  cell  for  the 

*  *  ■        _  m  -       -  —  —  —  — —  — 


directions.  Two  independent  calibrations  before  and  after  the  series 
of  experiments  gave  values  of  2.13X10  — 2  and  2.18x10  — 2  watts  per 
centimeter  galvanometer  deflection  per  centimeter  of  the  column  for 
the  total  radiation. 

An  experiment  was  made  on  the  absorption  of  the  caesium  radiation 
by  a  4  cm  cell  of  caesium  vapor.  With  the  discharge  vapor  pressure 
0.004  mm,  the  cell  containing  vapor  at  about  ten  times  that  pressure 
reduced  the  photo-electric  effect  to  less  than  one-tenth.  As  the  vapor 
is  perfectly  transparent  to  all  lines  except  the  principal  series  lines, 
this  shows  that  most  of  the  energy  is  in  the  resonance  lines.  Photo- 
graphs of  the  spectrum  indicate  that  these  lines  remain  predominant 
at  all  pressures.  Radiation  measurements  were  made  before  and  after 
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a  series  of  electrical  measurements  with  no  evidence  of  any  error 
appreciable  in  comparison  with  the  electrical  measurements  or  with 
the  error  in  optical  adjustments  when  tubes  were  changed. 


1 


IV.  RESULTS 


Discharges  operated  with  a  voltage  drop  ranging  from  5  to  15  volts. 
It  was  found  that  a  large  change  in  the  battery  voltage  with  a  com- 
pensating change  in  the  series 
resistance  to  give  equal  cur- 
rent did  not  change  the  ra- 
diation by  0.1  per  cent.  Also 
a  change  in  the  voltage  drop 
in  the  tube  produced  by 
changing  the  cathode  tem- 
perature had  no  effect.  Cur- 
rents ranged  from  0.15  to  4 
amperes;  pressures  from  0.001 
to  0.3  mm.  The  low  pressure 
limit  was  set  by  the  dark 
space  approaching  the  probe 
nearest  the  cathode. 

Figures  3  and  4  show  the 
power  input;  P,  the  power 
dissipated  by  recombination ; 
W,  the  radiation;  R,  and  P-W 
as  functions  of  thepressure 
and  the  current.  With  cur- 
rents of  0.2  amp.  practically 
all  the  power  input  is  radi- 
ated. With  currents  of  1 
amp.  or  less  and  pressures 
less  than  0.03  mm,  P-W  is 
nearly  equal  to  R;  that  is, 
the  power  input  is  nearly  all 
accounted  for.  The  mean 
value  for  all  measurements 
in  this  range  gives 

RI(P-W)  =  0.95  ±  0.04 

a 

where  0.04  is  the  mean  error 
and  does  not  include  the 
calibration  error.  With  in- 
creasing current  and  pressure 
there  is  a  rapidly  increasing 
difference  between"P-WT  and 
R.  A  plot  of  this  unex- 
plained residual  is  given  as  a  Fiouiik  3.— Power  terms  as  a  function  of  current 
function  of  the  current  for        #n  ,      w  ,  . 

various  pressures  in  Figure         ^  topul:  w-  recombln*«™  «• 
5.  Up  to  0.013  mm  the  residual  is  independent  of  the  pressure,  but 
above  this  point  increases  roughly  in  proportion  to  the  pressure. 
The  experimental  uncertainty  is  relatively  large  for  this  residual. 
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V.  CONCLUSIONS 


Little  can  be  said  as  yet  about  the  factors  determining  the  form  of 
the  curves  of  Figures  3,4,  and  5.  With  increasing  current  the  gradi- 
ent at  first  decreases  and  then  increases  and  correspondingly  the  input 
curve  of  Figure  3  changes.   The  rapid  increase  at  higher  currents 
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Figure  4. — Power  terms  as  a  function  of  the  log  of  the  pressure  in  microns 

comes  in  part  from  the  recombination  loss  and  in  part  from  the 
unknown  residual.  The  variation  in  recombination  loss,  W,  depends 
largely  on  the  ion  current,  for  the  energy  per  ion  changes  very  slowly. 
The  ion  current  is  roughly  proportional  to  the  electron  concentration. 
The  striking  feature  of  Figure  4  is  the  very  slow  variation  of  all  power 
terms  with  pressure.    The  measurements  cover  a  300-fold  range  of 
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pressure,  and  over  half  of  this  range  the  variation  is  scarcely  more 
than  the  experimental  error.  An  appreciable  variation  is  evident 
with  high  pressures  and  high  currents,  and  the  unknown  residual 
effect  is  an  important  factor  m  this.  The  fact  that  there  is  an  unex- 
plained balance  in  the  power  equation  is  not  surprising.  We  have 
mentioned  in  the  introduction  several  other  sources  of  power  loss; 
the  unmeasured  far  infra-red  radiation,  the  dissipation  of  energy  by 
elastic  collisions,  and  the  quenching  of  resonance  radiation  bv  inter- 
atomic collisions,  and  there  are  undoubtedly  other  possibilities. 
The  evidence  is  as  yet  insufficient  to  choose  between  them.  It  is 
reassuring  to  find  that  over  a  considerable  range  the  power  loss  is 
predominantly  radiation  of  the  resonance  lines  and  recombination  on 
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Figure  5. — Balance  of  the  power  Ions  not  accounted  Jot  by 
recombination  and  radiation  (P-W-R)  as  a  function  of 
the  current 

the  walls.  It  suggests  that  an  approximate  theory  can  be  developed 
which  considers  production  of  ions  and  of  the  first  excited  state  exclu- 
sively and  that  other  phenomena  can  be  treated  independently.  In 
this  connection  it  is  of  interest  to  note  that  the  visible  spectrum  of 
caesium  involving  higher  excited  states  shows  large  variations  in 
intensity  and  intensity  distribution  in  contrast  to  the  very  gradual 
change  of  the  total  radiation  which  is  largely  resonance  radiation. 

The  published  figures  on  the  radiation  efficiency  of  the  Osram 
sodium  lamp  referred  to  in  the  introduction  are  consistent  with  our 
results,  though  the  data  refer  to  the  entire  discharge  rather  than  the 
positive  column,  so  that  the  values  are  lower.  The  caesium  positive 
column,  with  a  current  density  of  1  amp.  per  cm2  at  low  pressure, 
radiates  28  per  cent  of  the  power  and  at  0.1  amp.  per  cm2  the  radiation 
is  96  per  cent  as  compared  with  the  overall  efficiencies  of  9  and  70  per 
cent  for  the  sodium  discharge.  Evidently  the  alkali  discharges  are 
qualitatively  similar  in  their  characteristics. 

Alkali  vapor  discharges  of  the  type  used  in  this  work  may  have 
useful  applications  as  sources  of  intense  monochromatic  radiation. 
The  intensity  of  this  radiation  is  insensitive  to  pressure  and  current 


Digitized  by  Google 


34 


Bureau  of  Standards  Journal  of  Research 


[Vol  9 


variations,  so  that  a  very  accurate  control  of  intensity  is  possible. 
The  fact  that  the  efficiency  of  production  of  radiation  can  be  made 
almost  unity  is  of  little  practical  value,  since  the  high  efficiency  is 
attained  only  by  keeping  the  power  input  and  brightness  low. 

Washington,  April  11,  1932. 
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THERMAL  EXPANSION  OF  SOME  SILICATES  OF  ELE- 
MENTS IN  GROUP  II  OF  THE  PERIODIC  SYSTEM 

By  R.  F.  Gcller  and  Herbert  Insley 


abstract 

A  ceramic  body  having  the  unusually  low  average  coefficient  of  linear  thermal 
expansion  of  0.53X10"*  in  the  range  0°  to  200°  C,  reported  by  W.  M.  Conn, 
was  investigated,  and  it  was  found  that  this  material  is  composed  essentially 
of  the  mineral  cordierite.  The  investigation  was  amplified  to  include  thermal 
expansion  determinations  for  some  compounds  of  other  elements  in  Group  II 
of  the  periodic  system.  The  data  obtained  indicate  that  zinc  orthosilicate, 
celsian  and  beryl  appear  worthy  of  consideration  by  those  interested  in  the  develop- 
ment of  bodies  having  low  coefficients  of  thermal  expansion. 
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I.  INTRODUCTION 

A  ceramic  body  having  the  unusually  low  coefficient  of  linear  therma. 
expansion  of  0.53  X10"*  in  the  temperature  range  0°  to  200°  1  has 
been  reported  by  W.  M.  Cohn.2  Science  and  industry  are  searching 
continually  for  compositions  of  low  thermal  dilatation,  and  applica- 
tions of  otherwise  satisfactory  materials  may  be  hindered  by  their 
comparatively  large  volume  changes  when  heated  and  cooled.  For 
this  reason,  the  ceramic  body  reported  by  Cohn  is  of  particular 
interest. 

The  present  report  contains  the  results  of  a  short  study  in  which 
Cohn's  findings  are  duplicated.  The  study  was  amplified  to  include 
linear  thermal  expansion  determinations  for  some  silicates  of  other 
elements  in  Group  II  of  the  Periodic  Table. 

II.  MATERIALS  AND  METHODS 

The  specimens  of  series  A  (Table  I)  were  made  of  a  body  com- 
posed of  43  per  cent  talc  (approximately  95  per  cent  3MgO*4SiOa. 
HaO),  35  per  cent  Florida  kaolin  (93  to  95  per  cent  kaolinite),  and 
22  per  cent  electric  furnace  corundum  (99  per  cent  AI3O3)  dry  sieved 
through  a  No.  200  sieve.    This  body  was  intended  as  a  duplicate  of 

1  Temperatures  are  given  in  °C.,  throughout  this  report. 

'  Ber.  der  Deut.  Ker.  Oesell.,  vol.  10,  p.  271,  June,  lW),  and  vol.  II,  p.  62,  February,  1930,  and  Ann.  Physik, 
vol.  4,  p.  493,  1930. 
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the  body  described  by  Singer3  as  typical  of  those  investigated  by 
Cohn. 

The  specimens  of  series  B  (Table  1 )  were  made  of  a  body  composed 
of  39.5  per  cent  talc,  47.2  per  cent  Georgia  kaolin  (96  to  98  per  cent 
kaolinite),  and  13.3  per  cent  anhydrous  Al2Oa  obtained  by  heating 
reagent  quality  aluminum  nitrate. 

The  specimens  of  series  C  (Table  1)  were  made  of  a  wet  (pound 
mixture  of  24  per  cent  of  reagent  quality  basic  magnesium  carbonate 
(Mg(OH)2  (MgCOl)4),  45  oer  cent  of  potters'  flint  less  than  10m  in 
size,  and  31  per  cent  of  Al2Os  obtained  as  described  for  series  B. 

No  attempt  was  made  to  produce  specimens  containing  only  one 
crystal  phase.  Specimens  containing  a  minimum  of  90  per  cent  of 
the  crystalline  compound  investigated,  as  determined  by  petrographic 
examination,  were  considered  of  sufficient  purity  to  establish  the 
approximate  thermal  expansion  of  that  compound. 

Unless  otherwise  stated,  the  various  heat  treatments  described  in 
Tables  1  and  2  and  in  the  text  were  made  in  electrically  heated 
furnaces,  the  resistors  being  80  per  cent  platinum-20  per  cent  rhodium 
wire. 

Expansion  determinations  were  made  by  the  interferometer 
method.4  The  specimens  of  series  A  and  B  (Table  1)  were  molded 
and  heated  in  the  form  of  disks  about  2  cm  in  diameter,  0.3  cm  in 
thickness,  and  with  a  hole  through  the  center  about  0.7  cm  in  diameter. 
Three  small  cones  or  "feet"  protruded  from  opposite  points  on  each 
side.  The  over-all  height  varied  between  0.50  and  0.75  cm.  Irregu- 
larly shaped  pieces,  approximately  pyramidal  in  form  and  from 
0.50  to  0.75  cm  in  height,  were  used  for  expansion  determinations 
of  the  other  materials  investigated;  three  such  pieces  were  used  for 
each  determination.  The  rate  of  temperature  change  during  both 
heating  and  cooling  tests  did  not  as  a  rule  exceed  3°  per  minute,  and 
for  most  of  the  tests  was  maintained  at  from  1°  to  2°  per  minute. 


•  Ber.  der  Deut.  Ker.  Oesell.,  vol.  10,  p.  260,  Jun«,  1MB. 

•  Fiieau,  Ami.  d.  Phya.,  vol.  128,  p.  564, 1866.  C.  Q.  Peters  and  C.  H.  Cragoo.  B.  S.  8cl.  Paper  No.  393, 
1W0.  O.  E.  Merrltt.  B.  8.  8ci.  Paper  No.  4*5,  1924. 
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Table  3. — Values  indicating  reproducibility  of  results 
Values  given  are  the  total  expansion  in  m  per  meter  from  room  tempemtare  to  tc 


Specimen  No. 

*• 

First 
test 

Second 
test 

Third 
test 

Fourth 
test 

M 

M 

f  100 

*  5 

15 

15 

15 

155 

60 

60 

50 

45 

I  255 

170 

150 

140 

t. 

•a 

A-l> 

A-3« 

C-li 

(a) 

(a) 

(6) 

(a) 

(6) 

100  

50 

■:w 

3fi5 
500 
1,000 

45 

195 
380 
€10 
1.020 

10 
80 
180 

5 
00 
100 



40 

150 
205 

40 

160 
305 
500 

200  

300   

400   

480 

1 

>  Duplicate  specimens. 

The  reproducibility  of  results  is  indicated  by  the  data  in  Table  3. 

III.  RESULTS 

1.  CORDIERITK 

The  first  expansion  determinations  were  made  on  specimens  of 
body  A.  Results  are  summarized  in  Table  1  and  shown  graphically 
in  Figure  1.  Since  cordierite  (2MgO  •  2Ala03  •  5Si02)*  was  the  pre- 
dominant phase  in  all  of  the  specimens  of  the  A  series,  the  next 
series  (B  and  C,  Table  1)  were  prepared  of  mixtures  in  the  proper 
proportions  to  produce  this  compound.  However,  in  no  case  did 
the  product  contain  more  than  approximately  90  to  95  per  cent  of 
cordierite.  When  heated  at  about  1,350°  the  principal  impurities 
in  the  talc  bodies  (A-3,  Table  1)  were  corundum  (A1208)  and  forster- 
ite  (2MgO.  Si02),  while  heating  at  higher  temperatures  for  long 
periods  of  time  (B-2a)  evidently  produced  some  decomposition  of 
the  ternary  compound  with  the  resultant  formation  of  small  amounts 
of  spinel  (MgO'Al203)  and  mullite  (3AlsOs*2SiOs).  Prolonged  heat- 
ing of  the  specimens  of  series  C  also  promoted  the  growth  of  bundles 
of  fibrous  crystals,  apparently  mullite,  which  originated  from  minute 
rounded  grams  of  corundum. 

Thermal  expansions  of  the  minor  constituents  (forsterite,  spinel, 
corundum,  and  mullite)  were  determined  by  test  or  taken  from  values 
given  in  the  literature  (Table  2).  Their  expansions  are  all  consider- 
ably higher  than  the  expansions  of  the  specimens  which  are  composed 
predominantly  of  "cordierite"  (as  distinguished  from  the  "unstable" 
forms  of  2MgO  •  2 Al2Qa  •  5Si02  by  refractive  indices  and  other  optical 
properties) 6  and  there  was  no  indication  of  contraction  during  heating 
below  100°  for  these  materials.  It  is  believed  that  the  low  expan- 
sions observed  are  characteristic  of  bodies  composed  essentially 
of  cordierite. 


»  O.  A.  Uankin  and  H.  E.  Merwln.  Am.  J.  of  Sci..  vol.  45,  p.  301,  1018.   E.  A.  Wtdnng  and  L.  Oppen 
heimer,  Ber.  der  Heidi.  Akad.  der  W  is^en,  No.  10, 1014. 
•  See  footoote  5. 
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The  difference  in  expansion  of  specimens  A-3  and  C-l  (Table  1), 
both  of  which  contain  about  90  per  cent  cordierite,  can  not  be  ex- 
plained satisfactorily  as  due  to  the  effect  of  the  impurities  alone. 
That  there  may  be  undetermined  differences  in  the  crystal  structure 


Z5     100  TEMPERATURE. 

Figure  1. — Thermal  expansion  curve*  for  cordierite  specimens  of  series  A 
heated  at  1,960°  C.  for  one  hour  (A-l),  16  hours  (A-l  5),  and  for  S  days  (AS) 

or  composition  of  the  cordierite  is  indicated  by  Rankin  and  Merwin,7 
who  have  observed  considerable  difference  in  indices  of  refraction 
of  the  cordierite  from  samples  which  appear  optically  homogeneous, 
but  which  vary  somewhat  in  composition.  This  they  attribute  to 
solid  solution  of  Si02  in  the  cordierite.    Slight  difference  in  the  indices 


'  See  footnote  8,  p.  40. 
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of  refraction  were  observed  in  some  of  the  samples  of  cordierite 
used  in  this  investigation,  as  is  evidenced  by  B-2a  and  C-3. 

The  "unstable"  form  (C-5)  with  the  composition  2MgO- 2  Al2CV5SiOi 
was  obtained  by  the  method  used  by  Rankin  and  Merwin;8  that  is, 


25      100         ffl         300  we 

TEMPERATURE 

Figure  2. — Thermal  expansion  curves  for  cordierite  specimens  of  series  C 
prepared  from  the  glass  by  devitrification  at  900°  C.  (C-6),  1,100°  C.  (C-S, 
and  1,365°  C.  (C-4) 

The  dashed  line  is  for  fused  quartr  and  is  drawn  from  data  in  B.  8.  Scl.  Paper  No.  524. 

by  heating  a  glass  of  the  same  composition  at  about  900°  for  a  consid- 
erable time.  The  product  obtained  corresponds  in  indices  of  refrac- 
tion and  other  optical  properties  to  that  described  by  them.  Its 
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Figure  3. — X-ray  patterns  of  the  stable  {top)  and  unstable  (bottom) 
forms  of  2\lg()-2AltOs-oSiOt  (cordierite) 
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thermal  expansion  (C-5,  Table  1  and  fig.  2)  is  unquestionably  consid- 
erably higher  than  that  of  cordierite.  The  increased  expansion  of 
specimens  C-lb  and  C-2c  after  reheating  at  from  900°  to  1,150° 
could  not  be  duplicated  with  the  talc  body  A-15.  This  increased 
expansion  can  not  be  attributed  to  the  unstable  form  of  the  2:2:5 
compound,  because  neither  petrographic  examinations  nor  X-ray 
patterns  of  the  reheated  specimens  C-lb  and  C-2c  showed  its  presence. 
That  the  X-ray  photograph  would  have  shown  the  pattern  of  the 
unstable  compound,  if  present  in  sufficient  quantity  to  affect  the 
expansion,  seems  probable  from  the  marked  difference  in  the  two 
patterns.    (Fig.  3.) 

The  small  permanent  contraction  of  about  40/*  per  meter  evidently 
caused  by  the  first  heating  (specimen  C-3  in  fig.  1)  is  characteristic  of 
this  form  and  in  one  case  was  noted  to  a  lesser  degree  (5m  to  10m  per 
meter)  after  a  specimen  (A-17)  had  been  heated  ana  cooled  four  times. 
It  was  also  noted  that  the  cordierite  specimens  may  have  a  slightly 
higher  rate  of  contraction  during  cooling  than  of  expansion  during 
heating,  in  the  temperature  range  above  100°,  even  though  there  is 
no  measurable  permanent  length  change.  This  is  typified  by  the 
second  heating  and  second  cooling  curves  for  A-3.    (Fig.  1.) 

The  results  do  not  permit  the  presentation  of  thermal  expansion 
curves,  or  of  coefficients,  as  correct  for  a  compound  of  the  definitely 
determined  composition  2M^O-2AlaOa-5Si02.  It  is  fairly  evident, 
however,  that  (a)  the  crystalline  phase  observed  as  constituting  the 
bulk  of  the  specimens  of  series  A,  and  C  is  the  same  as  the  stable 
form  of  the  ternary  compound  identified  by  Rankin  and  Merwin  9 
having  the  approximate  composition  2:2:5;  (6)  the  thermal  dilatation 
of  this  stable  form  of  the  ternary  compound  is  remarkably  low;  it  may 
contract  slightly  during  heating  from  about  20°  to  S0°;  and  the  average 
linear  expansion,  when  heated  from  20°  to  400°,  is  about  1  /t  per  meter 
per  °C.  (equivalent  to  a  coefficient  of  0.000001);  (c)  the  average  linear 
change  for  the  temperature  range  of  20°  to  100°  is  much  lower  than 
for  any  other  equivalent  range;  and  (d)  the  expansion  of  the  specimen 
of  the  unstable  form  tested  is  unmistakably  higher  than  that  of  the 
stable. 

(a)  GENERAL  COMMENTS 

The  specimens  of  series  A  and  B  were  uniformly  light  buff  to  gray 
in  color  and  of  a  firm  but  open  texture.  The  gam  in  weight  (water 
absorption)  of  an  A-3a  specimen  (Table  1)  resulting  from  autoclaving 
it  in  water  for  one  and  one-half  hours  at  a  steam  pressure  of  150 
lbs./in.2  was  25.8  per  cent;  there  was  no  measurable  length  change  or 
"moisture  expansion"  over  a  10  cm  length.  The  specimens  of  series 
C  prepared  either  by  devitrification,  or  by  heating  at  1,425°,  resembled 
opaque  white  glass  which  was  very  difficult  to  pulverize  with  mortar 
and  pestle,  ana  pieces  could  be  heated  to  a  red  heat  and  plunged  into 
cold  water  without  being  visibly  affected.  Specimens  of  the  glass 
(series  C)  heated  at  900°  for  five  hours  or  less  showed  no  devitrifica- 
tion. Heating  at  900°  for  four  and  one-half  days  produced  the 
unstable,  or  high  expanding,  form  (C-5,  fig.  2)  ana  heating  at  950° 
for  two  days  (or  at  higher  temperatures,  C-3  and  C-4,  fig.  2)  produced 
the  stable  form.  At  1,380°  the  glass  devitrified  completely  to  the 
stable  form  in  15  minutes. 


•  See  footnote  5,  p.  40. 
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2.  COMPOUNDS  OTHER  THAN  CORDIERITE 

Of  the  other  compounds  investigated  (Table  2  and  figs.  4  and  5) 
the  three  having  the  lowest  average  expansion  are  beryl  (0,  H,  I, 
and  */),  zinc  orthosilicate  (K),  and  celsian  (M).  The  data  for  the 
four  specimens  of  beryl  are  presented  in  some  detail,  partly  because  of 
their  very  low  expansions  and  partly  because  beryl  has  received  some 
attention,  as  a  material  of  low  thermal  expansion,  from  previous 
investigators.10  Both  cordierite  and  beryl  may  contract  slightly  when 
heated  from  20°  to  100°  and  their  average  coefficients  are  not  greatly 
different.  However,  on  first  heating  and  cooling  beryl  it  is  lively  to 
show  a  permanent  expansion  of  30  to  40  n  per  meter.    The  expansion 
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Figure  4. — Thermal  expansion  curves  of  some  of  the  materials  described  in 
Table  S,  E,  for  sterile;  K,  tine  orthosilicate;  L,  tine  aluminate;  M,  celsian; 
N,  anorthite;  0,  dicalcium  aluminum  silicate;  P,  calcium  metasUicats 

Curves  for  a  cordtorlte  specimen  (B-2a,  Table  1)  and  for  a  beryl  specimen  (H)  are  Included  for 

comparative  purposes. 

curves  for  the  "stabilized"  specimens  (that  is,  curves  obtained  after 
two  or  more  tests)  are  given  in  Figure  5.  Worthy  of  note  are  (a)  the 
similarity  in  behavior  of  specimens  Q,  H,  and  /,  which  have  the  same 
indices  (Table  2);  (6)  the  somewhat  higher  rate  of  expansion  of  J, 
which  has  higher  indices;  and  (c)  the  fact  that  the  expansion  perpen- 
dicular to  the  C  axis  is  relatively  much  higher  than  the  expansion 
parallel  to  the  same  axis  and  is  practically  identical  for  both  Q  and 
J  specimens. 

Several  attempts  to  produce  a  specimen  composed  chiefly  of  some 
one  crystalline  silicate  of  cadmium  (which  has  the  same  crystal  habits 
as  zinc,  magnesium,  and  beryllium)  were  unsuccessful.   The  proper 

»  H.  Flteau,  Compt.  rend.,  T.  LXVI.  p.  100s,  1808.  A.  V.  Blelninger  and  P.  H.  Riddle,  J.  Am.  Ceram. 
Soc.,  vol.  2,  p.  M4,  1919.   Robert  Twella,  Jr.,  J.  Am.  Ceram.  Soc.,  vol.  5.  p.  228,  1922. 
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mixture  of  CdO  and  Si02  to  form  CdO-SiOj,  when  heated  at  1,425° 
showed  no  evidence  of  reaction;  after  heating  at  1,550°  there  was  evi- 
dence of  reaction,  but  the  material  rapidly  fell  to  a  powder  when  re- 
moved from  the  furnace.    A  mix  to  form  2CdO-  SiOa  was  heated  to  a 
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Figure  5. —  Thermal  expansion  curvet  for  specimens  of  beryl  described  in 

Table  2 

J~*  and  Q  a  were  determined  perpendicular,  the  others  ware  determined  parallel,  to  the  Caiis. 

maximum  temperature  of  1 ,600°.  The  product  is  described  in  Table  4. 
This  material,  even  when  quenched  in  water  from  1,600°,  also  fell 
to  a  powder  and  no  thermal  expansion  observations  were  attempted. 
Glasses  having  the  calculated  compositions  CdO-  A1208-  2Si02  and 
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2CdO  2A1208-  5Si02  were  obtained  when  the  respective  mixtures 
were  heated  at  1,450°.  They  were  devitrified  at  approximately 
1,250°  and  the  products  are  described  in  Table  4.  The  average  co- 
efficient of  expansion  for  the  temperature  range  25°  to  300°  was 
found  to  be  7.0  X  10~8  for  the  1 : 1 : 2  glass  and  6.5  X  10"6  for  the  2 : 2 : 5 
glass.  Substituting  these  values  in  the  formula  given  by  Hall 11  one 
may  calculate  the  "expansion  factor"  for  CdO.  The  calculated 
values  obtained  in  this  way  were  97  and  104  x  10~9,  the  average  being 
practically  100  X  10"9.  This  average  value  for  CdO  would  not  apply 
to  temperature  ranges  other  than  25°  to  300°. 

Table  4. — Properties  of  some  cadmium  silicates 


Calculated  composition,  2CdOSiOi 
-Wet  gTO! 


et  ground  mixture  of  CdO 
and  SlOi  heated  at  1,560°  to  1.600°  C.  for 
45  minutes  and  cooled  rapidly. 


Calculated  composition,  CdO- AU0i-2Sl0i. 
Preparation — Wet  ground  mixture  of  CdO 
and  Georgia  kaolin  melted  to  a  clear  gloss 
at  1,450°  C.  and  devitrified  at  1,250°  C 


Calculated  composition,  2Cd0-2Al»0i-5Sl0r 
Preparation— Same   as   for  CdO-AljOv 
2  SiOi. 


Composition,  determined  pctrographitully 


Two  phases,  neither  of  which  predominates: 

Phase  A.  Index  Just  above  1.7  (about  1.71)  with  very 

low  or  no  birefringence. 
Phase  B.  Isotropic  and  occurs  ns  inclusions  in  phase  A; 
the  index  is  much  lower  than  1.7. 
(Not«.— In  Sprechsaol,  vol.  52,  p.  256,  1919,  F.  M. 
Jaeger  and  1J.  S.  van  Klooster  report  the  following 
values: 

2Cd O- Si Oj,  melting  point  1,243°  to  1,252°  C.i 

indices  Ari  and  ATj>  1.739. 
CdO  SiOi.  melting  point  1,242±0.5°  C;  Indices 
N,  and  A7,>1.739) 
Three  phases  present: 

Phase  A.  Probably  the  most  abundant,  occurs  as  irreg- 
ular crystals  of  very  low  double  refruction  (<0.005) 
with  a  mean  index  of  about  1.65. 
Phase  B.  Hither  glass  or  isotropic  crystals  occurring 
usually  as  interstitial  material  between  grains  of 
phase  A.  Index  lies  between  1.61  and  1.62. 
Phase  C.  Minute  rounded  grains  of  high  index  and 
high  double  refraction  occurring  as  inclusions  in 
phase  A. 
Three  phases  present: 

Phase  A.  Ak.  i  abundant  and  occurs  with  some  faces 
(probably  prismatic)  well  developed.  Crystals  are 
biaxial,  very  large  optic  axial  anfele  (approximately 
90°)  and  indices:  a- 1.5754:0.003,  7-1.590±0.003. 
Phase  B.  Isotropic,  probably  glass.  Somewhat  less 
abundant  than  phase  A  and  Index  variable  but  be- 
tween 1.615  and  1.C20. 
Phase  C,  Least  abundant:  occurs  as  irregular  crystal- 
line growths  showing  a  tendency  to  dendritic  forms. 
Double  refraction  very  low  (probably  0.005  or  less), 
mean  index  1.65dr0.005. 


IV.  SUMMARY 

The  low  expansion  of  a  magnesia  body  reported  by  W.  M.  Cohn  12 
is  a  characteristic  of  cordierite  (the  "stable"  form  of  a  compound 
having  the  approximate  formula  2\fgO- 2A1203- 5Si02).  This  form 
may  be  prepared  by  sintering  a  mixture  of  talc,  clay,  and  corundum 
at  1,350°,  although  the  time  required  is  considerably  shortened  by 
heating  at  from  1,400°  to  1,425°.  At  temperatures  above  1,425°  to 
1,450°  decomposition  of  the  cordierite  will  take  place.  It  may  be 
formed  also  by  devitrification  of  a  glass  of  the  proper  composition 
at  temperatures  above  950°  and  below  about  1,425°. 

Zinc  orthosilicate,  celsian  or  barium  feldspar,  and  beryl  also  appear 
worthy  of  further  consideration  by  those  interested  in  the  develop- 
ment of  bodies  having  low  coefficients  of  thermal  expansion. 

Washington,  February  19,  1932. 


»» J.  Am.  Ceram.  Soc.,  vol.  13  (3),  p.  182,  March,  1930.  >«  See  footnote  2,  p.  35. 
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AN  AUTOMATIC  REVERBERATION  METER  FOR  THE 
MEASUREMENT  OF  SOUND  ABSORPTION 

By  W.  F.  Snyder 

ABSTRACT 

The  usual  electrical  recording  method  for  measuring  sound  absorption  in  a 
reverberation  room  requires  the  determination  of  the  rate  of  decay  of  sound. 
The  automatic  reverberation  meter  described  in  this  paper  works  through  a 
range  of  about  70  decibels,  the  rate  of  decay  being  measured  over  intervals  as 
short  as  desired  through  the  whole  range. 

An  automatic  control  of  the  apparatus  has  been  developed  which  allows 
measurements  to  be  made  with  but  little  attention  on  the  part  of  the  observer. 


The  working  ranges  of  the  four  methods  1  that  have  been  used  at 
the  Bureau  of  Standards  for  measuring  the  rate  of  decay  of  sound  in  a 
room  are  shown  diagrammatically  in  Figure  1.    The  approximate 

lOOr- —  — I 


Figure  1. — Working  ranges  of  various  methods  used  at  the  Bureau  of  Stan- 
dard* to  measure  reverberation  time 


range  through  which  the  rate  of  decay  is  measured  by  each  method 
is  indicated  by  the  difference  in  decibels  between  the  initial  point  and 
the  final  threshold.  The  ordinary  oscillograph  method  is  very  limited 
in  range,  being  about  7  decibels.   The  other  methods  described  were 


<  See  reference  6  in  the  bibliography. 
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used  through  ranges  of  40  to  50  decibels.  The  present  automatic 
reverberation  meter  works  through  a  range  of  about  70  decibels. 
The  ear,  of  course,  covers  even  a  greater  range  since  in  reverberation 
measurements  the  ear  must  start  at  the  initial  sound  level  in  the 
room  and  must  follow  the  decay  to  the  threshold  of  hearing. 

More  important,  however,  than  a  measurement  over  a  wide  range 
of  intensity,  is  the  accurate  determination  of  the  rate  of  decay  of  the 
sound  energy  throughout  the  measured  range.  Such  a  procedure  is 
essential  when  measuring  highly  absorbent  materials  in  a  reverbera- 
tion room  or  whenever  "two-room"  conditions  exist.1  Under  these 
conditions  a  double  rate  of  decay  may  exist  as  shown  by  the  dotted 
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Figure  2. — Curve  showing  the  rale  of  decay  at  5tt  cycles  made  over  a  range 

of  50  decibel* 


It  U  the  result  of  90  observations. 

line  in  Figure  1.  The  ear  and  instrumental  methods  previously 
described  give  but  two  points  on  the  decay  curve,  the  initial  starting 
point  and  the  threshold  point,  and  we  may  be  unaware  of  any  change 
m  the  rate  of  decay  between  the  points  measured.  The  same  is  true 
in  the  double-decay  oscillograph  method.  There  is,  however,  in  this 
case  a  short  range  at  both  the  initial  and  threshold  points  where  the 
rate  is  accurately  known.  The  two  short  decay  curves  photographed 
on  the  oscillograms  sometimes  showed  different  rates  of  decay,  indi- 
cating that  the  rate  was  not  always  uniform  through  the  whole  range. 

Measurements  with  a  reverberation  meter  as  shown  in  Figure  2 
yield  a  number  of  points  along  the  decay  curve  at  definite  intervals, 
and  the  rate  of  decay  may  be  determined  throughout  the  working 
range. 

»  See  reference    in  tbe  bibliography. 
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Since  the  decay  of  sound  in  a  room  is  of  a  nonuniform  character 
we  must  resort  to  a  statistical  method  of  measurement,  each  measure- 
ment being  repeated  at  least  ten  times.  The  procedure  in  making 
these  measurements  is  as  follows:  Sound  radiated  from  a  source  such 
as  a  loud  speaker  is  suddenly  cut  off  and  a  timing  mechanism  started 
at  the  same  time.  The  sound  as  it  dies  away  is  picked  up  by  a  micro- 
phone and  when  the  sound  reaches  a  certain  level  in  the  room  an 
electrical  arrangement  stops  the  timer.  The  timer  has  then  recorded 
the  length  of  time  the  sound  takes  to  decay  from  the  initial  intensity 
to  the  threshold  at  which  the  instrument  is  set.  Shifting  the  threshold 
of  the  recording  instrument  by  a  definite  number  of  decibels,  a  differ- 
ent time  is  measured.  Knowing  the  time  it  takes  the  sound  to  decay 
through  definite  ranges  of  sound  levels,  a  curve  can  be  plotted  similar 
to  Figure  2  in  which  the  slope  gives  the  rate  of  decay.  From  the  rate 
of  decay  the  absorption  of  the  room  can  be  calculated  by  the  rever- 
beration equation/ 

Making  statistical  measurements  in  such  fashion  becomes  quite 
laborious.  The  present  design  of  the  reverberation  meter  used  at  the 
Bureau  of  Standards  has  made  much  of  the  operation  automatic. 


o 


—  -,  U- 

Figure  4. — Schematic 


of  entire  apparatus 


Figure  3  shows  the  recording  equipment  and  Figure  4  is  a  schematic 
diagram  of  the  entire  apparatus.  Alternating  current  in  the  audio- 
frequency range  is  generated  by  a  beat-frequency  oscillator,  strength- 
ened by  a  power  amplifier  and  finally  transformed  into  sound  energy 
by  a  dynamic  speaker.  A  condenser  transmitter  transforms  the 
sound  back  into  electrical  energy.  The  weak  electrical  current  is 
then  amplified,  the  threshold  of  the  instrument  being  controlled  by  an 
attenuator.  Immediately  following  the  amplifier  is  a  group  of  tuned 
circuits  which  aid  in  reducing  the  level  of  extraneous  noises.  These 
tuned  circuits  attenuate  approximately  15  decibels  at  the  first  octave 
above  and  below  the  frequency  to  which  they  are  tuned.  The  auto- 
matic reverberation  meter  with  its  associated  timer  terminates  the 
recording  apparatus. 

Figure  5  snows  in  detail  the  electrical  circuit  contained  within  the 
reverberation  meter  which  controls  the  timer.  There  is  one  stage  of 
amplification  transformer  coupled  to  a  screen-grid  tube.  The  screen- 
grid  tube  which  acts  as  a  rectifier  is  directly  coupled  through  a  0.5 
megohm  resistor  to  a  pentode  tube.  The  pentode  tube  is  used  as  an 
oscillator  and  was  so  chosen  because  of  its  high  plate  current  when 
connected  in  series  with  a  high  resistance  relay.  Some  difficulty  has 
been  found  in  getting  a  pentode  tube  to  oscillate  under  the  particular 
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circuit  requirements  which  are  necessary  for  the  desired  operation  of 
the  equipment.  The  frequency  of  oscillation  is  about  700  kc  per 
second. 

The  grid  bias  of  the  pentode  tube  depends  upon  the  potential 
across  the  plate  resistor  of  the  rectifier  tube  which  in  turn  is  a  func- 
tion of  the  sound  energy  picked  up  by  the  microphone.  When  the 
sound  level  is  high,  as  at  the  beginning  of  the  decay,  the  grid  bias  on  the 
oscillator  is  sufficiently  negative  to  prevent  it  from  oscillating  and  the 
plate  current  is  nearly  zero.  As  the  sound  dies  away  the  grid  bias 
becomes  more  positive.  This  continues  until  a  sufficiently  positive 
bias  sets  the  tube  into  oscillation  with  a  sudden  increase  in  plate  cur- 
rent. In  consequence,  a  relay  in  series  with  the  tube  opens  a  set 
of  contacts,  stopping  the  timer.   The  sudden  increase  in  current 


Figure  5. — Electrical  circuit  diagram  of  apparatus  which  stops  the  electric 

timer 


through  the  relay  winding  gives  a  positive  control  to  the  operation. 
The  point  at  which  this  goes  into  operation,  which  has  been  called  the 
threshold  of  the  instrument,  depends  upon  the  amount  of  amplifica- 
tion used  and  the  setting  of  the  attenuator. 

The  1,500-henry  choke  in  series  with  the  grid  circuit  of  the  pentode 
tube  and  the  0.01  nf  by-pass  condenser  serve  as  a  filter  for  the  audio 
frequencies.  This  is  a  necessary  precaution  to  prevent  the  relay  from 
humming  when  low  frequencies  are  measured.  The  circuit  is  so 
designed  that  once  the  tube  goes  into  oscillation  a  negative  shift  in 
the  grid  bias  caused  by  an  increase  in  the  sound  energy  amounting  to 
about  4  decibels  is  necessary  to  stop  oscillations,  thereby  restarting 
the  timer.  This  more  or  less  helps  to  integrate  out  a  variable  sound 
decay  and  at  the  same  time  prevents  the  timer  from  following  varia- 
tions less  than  4  decibels  which  would  cause  excessive  starting  and 
stopping  of  the  timer. 

Figure  6  shows  the  arrangement  of  relays  which  makes  the  operation 
of  the  reverberation  meter  almost  automatic.    The  apparatus  con- 
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sists  of  three  relays,  a  small  alternating  current  motor  with  a  1,100  to 
1  reduction  gear  coupled  by  a  shaft  to  a  cam  operating  a  4-pole  switch 
and  a  self-stopping  device.  Large  condensers  across  the  contacts  of 
the  relays  prevent  sparking  and  setting  up  electrical  disturbances  in 
the  near-by  amplifying  equipment. 

The  operation  of  this  device  is  as  follows :  A  rod  connected  to  the 
armature  of  relay  A  is  lifted,  closing  the  motor  circuit.  When  no 
sound  is  on,  the  lower  contact  at  relay  D  (fig.  6)  is  closed,  allowing 
current  to  flow  through  the  windings  of  relay  A,  thus  holding  the 
armature  of  relay  A  after  it  is  lifted. 

Connected  to  the  same  armature  is  a  small  pin  fitting  into  cam  B, 
which  when  lifted  allows  relay  A  to  operate  properly,  since  the  arma- 
ture is  now  close  to  the  pole  piece,  the  pin  riding  around  on  top  of  cam 
B.  A  4-pole  switch  operated  by  the  segments  along  cam  A  is  closed 
after  the  cam  begins  to  rotate.  This  switch  closes  the  loud-speaker 
circuit  and  closes  a  circuit  through  the  winding  of  relay  A  which 


Figure  6. — Relays  and  cams  which  provide  automatic  control  for  the  reverber- 
ation meter 


normally  opens  at  relay  D  as  the  sound  comes  on.  It  also  closes  the 
circuit  of  the  winding  of  relay  B  which  prevents  the  timer  from  operat- 
ing. After  a  further  rotation  of  the  cam  shaft  the  4-polc  switch 
suddenly  springs  open  breaking  the  loud-speaker  circuit,  opening  the 
motor  circuit  and  allowing  the  contact  of  relay  B  to  close,  which 
starts  the  timer  at  the  beginning  of  the  decay.  While  the  sound  is 
on  or  as  it  is  decaying  the  timer  contact  of  relay  D  is  closed.  As  the 
sound  decays  to  the  threshold  of  the  instrument  and  the  plate  current 
suddenly  increases  in  the  pentode  tube,  relay  D  operates  stopping  the 
timer.  At  the  same  time  the  other  contact  on  relay  D  closes  and  the 
motor  is  started.  The  whole  process  is  repeated.  This  continues 
for  five  measurements.  At  the  fifth  measurement  the  pin  on  the 
armature  of  relay  A  drops  back  into  the  slot  of  cam  B  and  stops  the 
entire  mechanism. 

An  average  of  10  observations  is  usually  taken  at  six  different 
sound  levels  spaced  at  10  decibel  intervals  making  a  range  of  50 
decibels.  This  is  sufficient  for  most  absorption  measurements. 
The  apparatus  has  a  range,  however,  of  about  70  decibels. 
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The  apparatus  described  above  offers  a  statistical  method  of  deal- 
ing with  a  type  of  measurement  that  presents  certain  difficulties, 
since  we  are  determining  a  rate  of  decay  that  is  seldom  uniform. 
The  method  averages  a  series  of  observations  in  a  mechanical  fashion 
and  is  almost  entirely  automatic.  This  being  true,  the  human  equa- 
tion in  reverberation  and  absorption  measurements  has  been  prac- 
tically eliminated. 
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ABSTRACT 

This  paper  presents  evidence  which  indicates  that  2,  2-dimethylpentane  is 
present  in  small  amount  (not  more  than  a  few  hundredths  of  1  per  cent)  in  a 
midcontinent  petroleum.  The  evidence  consists  in  the  approximate  agreement 
of  the  measured  properties  of  a  petroleum  fraction  containing  46  mole  per  cent 
of  cyclohexane  with  those  computed  on  the  assumption  that  the  remaining  54 
per  cent  is  2,  2-dimethylpentane. 

The  properties  compared  were  initial  freezing  point,  boiling  point,  refractive 
index,  molecular  weight  and  eutectic  temperature.  The  evidence  thus  obtained 
was  confirmed  by  comparing  the  infra-red  absorption  spectrum  of  the  petroleum 
fraction  with  that  of  a  synthetic  mixture  having  the  assumed  composition. 
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I.  INTRODUCTION 

From  a  Caucasian  petroleum,  Markownikoff  (1) 3  obtained  a  frac- 
tion boiling  between  78.5°  and  79°  C.  From  the  boiling  range  and 
the  specific  gravity  of  this  fraction,  as  well  as  from  its  unusual  sta- 
bility toward  strong  nitric  acid,  he  concluded  that  2, 2-dimethylpen- 
tane was  probably  present  in  the  Caucasian  petroleum.  With  the 
exception  of  Markownikoff,  it  seems  that  no  one  has  reported  any 
indication  of  the  presence  of  2, 2-dimethylpentane  in  any  petroleum. 

II.  EXPERIMENTAL  PROCEDURE  AND  RESULTS 

The  present  investigation  deals  with  the  same  fractions  of  an 
Oklahoma  petroleum  wnich  were  used  for  the  isolation  and  determina- 
tion of  cyclohexane  (2). 

It  was  found  that  a  large  cut  (5.5  kg)  boiling  between  80°  and 
80.5°  C.  consisted  of  about  94  mole  per  cent  of  cyclohexane  and  had 
a  refractive  index  of  1.422  which  is  0.003  unit  lower  than  that  of 
pure  cyclohexane.    It  was  therefore  apparent  that  some  compound 
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This  work  Is  pert  of  project  No.  ft,  The  Separation,  Identification,  and  Determination  of  the  Constituents 
of  Petroleum. 

'  Research  Associate,  representing  the  American  Petroleum  Institute. 
Figures^  parenthesis  here  and  elsewhere  in  the  text  Indicate  references  given  In  the  bibliography  at 
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or  compounds  with  lower  refractive  index  than  that  of  cyclohexane 
must  also  be  present  in  this  fraction.  The  object  of  the  present 
investigation  was  to  concentrate  this  unknown  constituent  for  pos- 
sible identification. 

While  working  on  the  isolation  of  cyclohexane,  it  was  noted  that  if 
the  cut  boiling  between  80°  and  80.5°  C.  was  subjected  to  fraction- 
ation by  equilibrium  melting,  fractions  of  rapidly  decreasing  refrac- 
tive indices  were  obtained.  Thus  by  a  smgle  fractionation  the 
following  changes  in  the  physical  constants  were  obtained : 


...  _.. 
Stage  I  Stage  II 

• 

20 

1. 422  to  1. 417 

-12°  to  -28°  C. 
80.  4°  to  80.0°  C. 
8il  to  86. 1 

Boiling  point  changed  from  

Molecular  weight  changed  from  

In  view  of  this  apparently  efficient  separation  it  was  decided  to 
subject  the  material  to  systematic  equilibrium  melting.  The  progress 
of  the  fractionation  is  shown  by  the  chart  in  Figure  1.  The  large 
circle  at  the  upper  left  corner  (R.  I.  1.416)  represents  the  original 
fraction  (obtained  by  distillation)  which  had  the  boiling  range  79°  to 
80°  C.  The  other  nine  large  circles  at  the  top  represent  fractions 
which  were  obtained  by  subjecting  the  80.0°  to  80.5°  C.  cut  to 
equilibrium  melting.  (This  fractionation  is  described  in  the  cyclo- 
hexane paper  (2).)  The  numbers  inside  the  large  circles  indicate  the 
refractive  indices  and  the  initial  freezing  points  of  the  fractions.  As 
indicated  by  the  solid  lines,  the  large  fractions  were  separated  by 
equilibrium  melting  into  a  number  of  smaller  fractions,  indicated  by 
the  smaller  circles.  The  refractive  indices  of  these  fractions  are  given 
by  the  numbers  inside  the  circles.  The  fractions  having  similar 
refractive  indices  were  then  mixed  for  further  fractionation.  This  is 
indicated  by  the  broken  lines  in  Figure  1.  As  shown  in  the  chart, 
the  molecular  weight  was  determined  for  some  of  the  fractions. 

As  a  result  of  the  fractionation  shown  in  Figure  1 ,  the  material  was 
separated  into  comparatively  large  fractions  consisting  mainly  of 
cyclohexane  (fractions  with  high  refractive  indices)  and  into  small 
quantities  of  material  with  low  refractive  index  and  low  freezing  point. 
Fractionation  of  this  material,  which  contained  the  unknown  con- 
stituent, was  continued  until  its  refractive  index  had  been  brought 
down  to  1.392  and  its  freezing  point  had  reached  —124.6°  C.  (Stage 
III.)  At  this  point,  however,  the  available  quantities  of  this  material 
were  too  small  to  attempt  further  purification. 

The  time- temperature  cooling  curve  of  the  final  fraction  is  shown 
in  Figure  2.  Table  1  shows  some  of  the  physical  constants  of  syn- 
thetic 2,  2-dimethylpentane,  of  cyclohexane,  and  of  the  petroleum 
fractions  during  three  stages  of  the  fractionation.  Stage  I  represents 
the  large  cut  boiling  between  80°  and  80.5°  C.  The  material  m  Stage 
II  was  obtained  by  a  single  fractionation  of  the  mixture  in  Stage  I  by 
equilibrium  melting.  (See  p.  54  and  upper  left  of  fig.  1.)  Stage  III 
represents  the  fraction  which  was  ob tamed  as  a  final  result  of  the 
systematic  equilibrium  melting.    (See  bottom  of  fig.  1.) 
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Table  1. — Some  physical  constants  of  2,  2-dimethylj>entane,  of  cyclohexane,  and 
of  the  petroleum  fractions  during  three  stages  of  the  fractionation 


20 


Molecular  weight  

Normal  boiling  point  In 
Freezing  point  in  0  C... 


Cyclo- 
hexane 
(CtHu) 

syn- 
thetic • 

The  petroleum  fractions 

2,  2-di- 
methyl- 
pentano 

(CrHiO 
synthetic* 

Stage  I 

Stage  II 

Stage  III 

1.  426 

84.09 
80.8 
6.4 

1.423 

•86.1 
80.4 
-12 

1.417 

'86.1 
80.0 
-28 

1. 392 

'93.7 
79.5 
-1216 

1.382 

100.12 
78.9 
-128.6 

•  J.  Tlmmermans,  J.  chlm.  phys.,  vol.  28,  p.  760, 1928. 

»  O.  Edgar  and  O.  Calingaert,  J.  Am.  Chem.  Soc.,  vol.  81,  p.  1544, 1929. 

•  For  method,  see  M.  M.  Hicks-Bruun,  B.  8.  Jour.  Research,  vol.  5,  pp.  875-583, 1930. 

As  the  fractionation  proceeded  a  definite  increase  was  noted  in  the 
molecular  weight.  Thus,  while  the  molecular  weight  for  Stage  I  was 
85.1,  the  material  in  Stages  II  and  III  was  found  to  have  molecular 
weights  of  86.1  and  93.7,  respectively.  This  is  unmistakable  evidence 
of  the  presence  of  a  constituent  having  a  higher  molecular  weight 
than  that  (84.09)  of  cyclohexane. 

The  material  in  Stage  III  had  a  distillation  range  of  about  0.5°  C. 
It  did  not  react  with  bromine  or  iodine  and  it  was  insoluble  in  water. 
Furthermore  this  fraction  exhibited  an  unusual  stability  when  heated 
with  fuming  nitric  or  with  chlorosulphonic  acid. 

By  correlating  the  values  of  the  molecular  weight  (93.7),  the  re- 
fractive index  and  the  boiling  point  of  this  fraction  with  the  corre- 
sponding constants  of  known  hydrocarbons,  it  was  concluded  that  a 
heptane  was  probably  present  in  the  cyclohexane  fraction. 

It  should  be  further  noted  that  the  boiling  point  of  the  material  in 
Stage  I  (which  contained  94  mole  per  cent  of  cyclohexane)  was  80.4°  C. 
as  compared  with  80.8°  C.  for  pure  cyclohexane.  As  a  result  of  fur- 
ther fractionation  bv  equilibrium  melting  fractions  of  still  lower 
boiling  points  (80.0°  C.  in  Stage  II  and  79.5°  C.  in  Stage  III)  were 
obtained.  This  fact  indicates  clearly  that  the  presumed  heptane  is 
one  with  a  boiling  point  below  that  of  cyclohexane  or  that  the  mixture 
is  azeotropic  with  a  boiling  point  minimum.  The  only  heptane  with 
a  boiling  point  below  80.8°  is  2,2-dimethylpentane. 

The  above-mentioned  great  stability  of  the  material  in  Stage  III 
against  chemical  reagents  is  in  accordance  with  the  structure  of 
2,2-dimethylpentane,  because  of  all  the  isomeric  heptanes,  only  the 
following  three  do  not  possess  a  reactive  tertiary  carbon  atom: 
2,2-dimethylpentane  (boiling  point  78.9°  C);  3,3-dimethylpentane 
(boiling  point  86°  C);  and  n-heptane  (boiling  point  98.4°  C). 

III.  ANALYSIS  OF  THE  FINAL  FRACTION 

For  the  purpose  of  determining  the  approximate  composition  of  the 
material  (Stage  III,  Table  1)  having  the  lowest  refractive  index 
(1.392),  the  following  procedure  was  used.  The  freezing  point  of 
cyclohexane  was  determined  with  a  Beckmann  thermometer.  A 
solution  of  known  concentration  of  the  material  (Stage  III)  in  the 
cyclohexane  was  then  made  up,  after  which  the  lowering  of  the  freez- 
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ing  point  was  determined.  It  is  evident  that  the  cyclohexane 
present  in  the  material  (Stage  III)  will  have  no  effect  upon  the  freez- 
ing point,  and  that  the  total  lowering  will  be  caused  by  the  other  con- 


f STAGE  I 


FRACTIONS  MIXED 

MIXTURE  FRACTIONATED 
BY  EQUILIBRIUM  MELTING 

FACTION  (The  numbers 
indicate  the  refractive 
index.) 


STAGE.  JL  n 

Figure  1. — Chart  showing  the  fractionation  by  means  of  equilibrium  melting 

stituents  in  this  material.  From  the  lowering  thus  obtained  the 
mole  percentage  of  cyclohexane  for  the  material  in  Stage  III  could  be 
calculated.  However,  the  two  most  recent  values  reported  in  the 
literature  for  the  heat  of  fusion         of  cyclohexane  differ  by  more 
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than  20  per  cent.  Hence  calculations  were  made  using  each  value, 
with  these  results: 

Z,.  =  5.87  cal./g  (3). 

45.9  mole  per  cent  of  cyclohexane  and 

54.1  mole  per  cent  of  other  constituents. 
Z,.  =  7.4  cal./g  (4). 

30.8  mole  per  cent  of  cyclohexane  and 

69.2  mole  per  cent  of  other  constituents. 


^  -/Z7 

\  -/JJ 

-/<r/ 


1  1  1 

1 

.  /v 

7" 



O     /     2     3     +  C     7     <3     &     /O    //    /2    /3    /+  /S 

T/M£  //V  Af//VUT£3 
Figure  2. — Time-temper alure  cooling  curve  of  the  final  fraction.    (Stage  I J  I) 

IV.  CORRELATION  OF  THE  PROPERTIES  OF  THE  FINAL 
FRACTION  WITH  ITS  COMPOSITION 

The  amount  of  the  final  fraction  (Stage  III)  was  so  small  that  fur- 
ther fractionation  for  the  purpose  of  isolating  a  pure  sample  of  the 
presumed  heptane  was  impossible.  Under  these  circumstances  the 
best  that  can  be  done  is  to  compare  the  measured  properties  of  the 
final  fraction  with  those  of  a  mixture  consisting  of  45.9  moles  of  cyclo- 
hexane and  54.1  moles  of  2,2-dimethylpentane.  This  comparison 
is  shown  in  Table  2.  The  calculated  values  are  based  on  the  assump- 
tion that  the  mixture  is  an  ideal  solution. 

It  will  be  observed  that  the  agreement  is  good  except  in  the  case  of 
the  refractive  index,  where  the  observed  value  is  low  by  0.008  unit, 
which  might  be  caused  by  the  presence  of  a  small  amount  of  a  third 
constituent,  such  as  normal  hexane,  for  example. 
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Table  2. — Observed  and  calculated  properties  of  the  final  fraction 


I  rojwrtx  = 


Observed  values  

Values  calculated  from  L/.'-i.gV'calV/g** 
L,.-7.4cal./g'  


F.  P.. 

B.  P.- 

Molecu- 
lar weight 

EutecUc 
halt 

•c. 

°C. 

•C. 

—  124. 6 

79.5 

98.7 

1.392 

»-i4a  2 

-124.6 

79.8 

92.8 

'1.399 

•-138.2 

-136.8 

95.1 

1.394 

•- 136.0 

•  Initial. 

» See  Figure  2. 

»  See  reference  (3)  in  bibliography. 

'  A  synthetic  mixture  was  found  to  have  n^- 1.400. 

•  For  method  see  Washburn  and  Read,  Proc.  Nat.  Acad.,  vol.  1,  p.  191, 1915. 
/  See  reference  (4)  In  bibliography. 


The  evidence  for  the  presence  of  2,2-dimethylpentane  is  therefore 
strong  but  by  no  means  decisive. 

In  order  to  obtain  further  evidence  the  infra-red  absorption  spec- 
trum of  the  final  fraction  was  measured  and  compared  witn  that  of  a 
synthetic  mixture. 


Petroleum  Fraction 


Synthetic  /Mx 


DtmethylpenVnq 
lohe 


Figure  3. — The  infra-red  absorption  spectra  of  the  fijial  petroleum  fraction 
(Stage  1 1 1),  the  synthetic  mixture,  the  2,2-dimethylpentane,  and  the  cyclohexane 

Measured  by  U.  Liddel,  of  the  Fixed  Nitrogen  Research  Laboratory  of  the  Department  of 

Agriculture. 

Through  the  courtesy  of  G.  Edgar  and  G.  Calingaert,  of  the  Ethyl 
Gasoline  Corporation,  a  small  sample  of  synthetic  2,2-dimethylpen- 
tane was  obtained.  Tins  sample  was  mixed  with  pure  cyclohexane 
(and  a  small  amount  of  n-hexane)  so  as  to  yield  a  mixture  of  approxi- 
mately the  same  composition  as  that  calculated  for  the  material  in 
Stage  III.  The  spectra  of  the  two  mixtures  as  well  as  those  of  the 
pure  samples  of  cyclohexane  and  of  2,2-dimethylpentane  were  then 
measured  by  U.  Liddel,  of  the  Fixed  Nitrogen  Research  Laboratory 
of  the  United  States  Department  of  Agriculture,  and  are  shown  in 
Figure  3.  The  two  upper  curves  reveal  a  striking  resemblance 
between  the  synthetic  mixture  and  the  final  fraction  (Stage  III), 
which  was  presumably  of  the  same  composition. 

The  characteristic  minimum  at  about  1.19m  is  clearly  evident  in  the 
spectrum  of  the  petroleum  fraction.  This  evidence  when  taken 
together  with  that  shown  in  Table  2  renders  it  highly  probable  that 
2.2-dimethylpentane  is  a  major  constituent  of  the  petroleum  fraction 
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(Stage  III).  Based  upon  the  crude  oil  the  amount  present  can  not, 
however,  exceed  a  few  hundredths  of  1  per  cent.  With  larger  amounts 
of  material  to  work  with,  there  should  be  no  difficulty  in  isolating  the 
pure  hydrocarbon. 
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FACTOR  FOR  GASES 
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ABSTRACT 

The  discharge  coefficient  of  an  orifice  meter,  determined  with  water,  is  ap- 
plicable when  the  meter  is  used  for  measuring  the  flow  of  a  gas,  provided  that  the 
differential  pressure  is  so  small  that  the  accompanying  change  of  density  is 
insignificant.  But  if  the  differential  is  a  considerable  fraction  of  the  absolute 
static  pressure,  the  water  coefficient  must  be  multiplied  by  an  "expansion  fac- 
tor" which  allows  for  the  effects  of  change  of  density. 

The  paper  contains  a  discussion  of  recent  experimental  data  which  show 
how  the  expansion  factor  depends  on  the  form  of  the  meter,  the  ratio  of  down- 
stream to  upstream  pressure,  and  the  specific  heat  ratio  of  the  gas.  The  con- 
clusions are  summarized  in  an  empirical  equation  which  may  be  used  for  com- 
puting the  value  of  the  expansion  factor  in  certain  practically  important  cases. 

A  theoretical  method  of  computing  the  expansion  factor  is  developed  and  is 
shown  to  agree  reasonably  well  with  the  facts  observed  under  conditions  that 
are  approximately  in  accordance  with  those  postulated  by  the  theory. 
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I.  INTRODUCTION 

The  type  of  meter  to  which  the  following  notes  refer  is  illustrated 
diagrammatically  by  Figure  1.  which  shows  some  of  the  notation 
to  be  used,  as  well  as  certain  limitations  on  the  relative  dimensions 
of  the  parts.  It  may  be  assumed  that  the  readers  to  whom  these 
notes  are  addressed  would  find  a  detailed  description  of  the  orifice 
meter  superfluous. 

Since  tne  pressures  px  and  p3,  observed  at  the  upstream  and  down- 
stream side  holes  or  pressure  taps,  depend  on  tne  locations  of  the 
holes,  it  is  necessary  to  specify  the  distances,  lx  and  l%%  from  the 
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center  of  each  hole  to  the  nearer  face  of  the  orifice  plate,  and  some 
one  of  the  following  four  schemes  is  usually  adopted : 

(a)  Pipe  taps,  lx  =  2.5Z?,  U^SD. 

(6)  Throat  taps,    =  k^O.bD. 

(c)  Flange  taps,  /i  =  ^  =  l  inch  for  all  sizes  of  pipe. 

(d)  Corner  taps,  the  side  holes  are  at  the  faces  of  the  plate,  or  the 
pressures  are  taken  off  through  narrow  circumferential  slits  between 
the  plate  and  the  flanges,  as  illustrated  in  the  lower  half  of  Figure  1 . 

Combinations  (a),  (b),  and  (c)  are  in  common  use  in  the  United 
States,  and  (d)  has  been  adopted  as  standard  >y  the  Society  of 
German  Engineers  (l).1 


<0.1  D 


V\\\\\VV\\\\\\\\V\\V 


d=/3D 


I 


0.03D5  1  50.0JD 


Figure  I.— The  orifice  meter 
Side  holes  are  shown  above  and  ring  slits  below 

There  are  advantages  in  adopting  an  arrangment  such  that 
meters  of  different  sizes  shall  be  geometrically  similar  as  regards 
location  of  the  side  holes,  a  condition  satisfied  by  (a),  (6),  and  ((£), 
but  not  by  (c). 

When  the  pipe  diameter,  D,  is  8  inches  or  more  and  the  orifice 
diameter,  d,  is  not  more  than  about  0.75Z?,  arrangements  (c)  and 
(d)  give  nearly  the  same  pressure  readings  and  may  be  regarded 
as  equivalent,  except  in  work  of  high  precision.  But  with  pipes  as 
small  as  4  inches  in  diameter,  this  assumption  is  no  longer  safe; 
and  even  with  larger  pipes,  the  two  arrangements  may  give  appreci- 
ably different  results  if  the  diameter  ratio  is  as  large  as  0.8. 

»  Figures  in  parenthesis  here  and  throughout  the  text  Indicate  references  given  at  the  end  of  this  paper. 


Digitized  by  Google 


Buckingham]  Expansion  Factor  for  Oases  63 

It  THE  ORIFICE  METER  EQUATION 

The  indications  of  an  orifice  meter  are  usually,  and  most  con- 
veniently, interpreted  by  means  of  some  equation  which  is  sub- 
stantially equivalent  to 

M=NCA^2P{jpx-p2)  '  (1) 

in  which 

M=  the  required  rate  of  mass  flow,  or  the  mass  discharged  per 

unit  time; 
^l  =  the  atfea  of  the  orifice; 
p  =  the  d.  nsity  of  the  fluid  being  metered; 
pu  p2  =  the  pressures  at  the  upstream  and  downstream  taps; 
Ar=a  numerical  constant  dependent  on  the  units;  and 
(7=  the  discharge  coefficient  of  the  orifice,  a  number  which 
does  not  depend  on  the  units. 
If  the  fluid  is  a  gas,  its  density  must  be  referred  to  some  specified 
pressure  and  temperature,  and  these  are  most  commonly  taken  to  be 
the  upstream  pressure  px  and  the  temperature  tx  of  the  gas  approach- 
ing the  orifice.    We  shall  adopt  this  convention  and  denote  the  density 
under  these  conditions  by  px.    For  the  sake  of  simplicity,  it  will  also 
be  supposed  that  all  quantities  are  measured  by  a  system  of  normal 
units,  such  as  "British  absolute"  or  cgs,  because  we  then  have  A7  =  1 ; 
and  with  these  two  conventions,  equation  (1)  takes  the  form 

M=CA^2px{p,-p2)  (2) 

Before  an  orifice  can  be  used  as  a  flow  meter,  the  value  of  C  must 
be  known,  and  this  value  depends  on  the  rate  of  flow,  the  properties 
of  the  gas,  the  dimensions  of  the  apparatus,  the  location  of  the  pres- 
sure taps,  etc.  In  the  experimental  investigations  needed  for  the 
elucidation  of  this  subject,  observations  of  pressure  and  temperature 
at  the  orifice  are  combined  with  measurements  of  the  rate  of  discharge 
by  some  independent  method,  and  the  equation  is  ussd  in  the  form 

C-         M  ft) 
Aj2px(px-p2)  v  ' 

which  may  be  regarded  as  a  definition  of  C. 

It  may  be  remarked  that  px  denotes  the  true  density  at  px,  tx;  and 
if  the  gas  in  question  is  one  that  shows  large  departures  from  Boyle's 
law  under  the  anticipated  working  conditions,  the  use  of  the  familiar 
equation  pv  =  RT,  in  computing  the  value  of  px  from  the  results  of  a 
density  de termination  under  laboratory  conditions  that  are  very 
different  from  the  working  conditions,  may  lead  to  large  errors  (2). 

III.  RESTRICTION  TO  HIGH  VALUES  OF  THE  REYNOLDS 

NUMBER 

Let  Rd  be  the  Reynolds  number  defined  by  the  equation 

K'-^dn  (4) 

in  which  tj  is  the  viscosity  of  the  fluid. 

If  Rd  is  large,  say  Rd> 200,000,  the  value  of  C  found  by  testing  an 
orifice  with  water,^or  other  liquid,  is  sensibly  independent  of  the  rate 
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of  flow  (3),  and  this  shows  that  the  effects  of  viscosity  have  become 
negligible.  But  if  the  same  orifice  is  tested  with  a  gas,  such  as  air, 
the  value  obtained  for  C  varies  with  the  rate  of  flow,  even  though  Rd 
be  high  enough  to  make  the  effects  of  viscous  forces  insignificant; 
for  the  decrease  of  density  as  the  pressure  falls  from *px  to  p2,  in  contra- 
distinction to  the  constancy  of  density  of  a  liquid,  introduces  a  new 
element  into  the  phenomena  of  flow  (5,  6,  7). 

The  condition  that  Rd  shall  have  the  required  high  value  is  nearly 
always  satisfied  in  the  commercial  metering  of  gases,  and  since  the 
object  of  this  paper  is  to  discuss  the  changes  of  C  which  are  due  to 
compressibility  alone,  it  will  be  assumed,  from  this  point  onward,  that 
the  requirement  is  fulfilled. 

IV.  THE  EXPANSION  FACTOR 

In  discussing  the  effects  of  compressibility,  it  will  be  convenient 
to  employ  the  following  notation: 

/3  =  S/D  =  the  diameter  ratio  of  the  orifice,  or 
m  =  j82  =  the  area  ratio ; 

K=  the  value  found  for  C  when  the  orifice  is  tested  with  a  liquid 
at  high  values  of  RA:  so  long  as  the  installation  remains 
unchanged,  K  is  a  constant  of  the  orifice ; 
y  =  Pa/z>i  =  the  pressure  ratio  at  which  the  discharge  coefficient 

determined  by  experiments  on  the  gas  has  the  value  C; 
7  =  Cp/C9  =  the  specific  neat  ratio  of  the  gas;  and 
Y=  C/K=  the  expansion  factor. 
If  the  fall  of  pressure  at  the  orifice  is  made  so  small  that  the  accom- 
panying decrease  of  density  is  insignificant,  the  gas  must  behave 
very  nearly  like  a  liquid;  and  experiment  confirms  the  conclusion 
that  C±  K  when  t/=1. 
We  therefore  write 

C=KY  (5) 

in  which  the  expansion  factor,  F,  describes,  or  allows  for,  the  varying 
effect  of  compressibility  on  the  discharge  coefficient;  and  Y=l  when 
2/  =  l. 

In  many  important  cases,  the  relation  Y=f  (y)  is  very  nearly  linear, 
as  is  illustrated  by  the  simultaneous  values  of  y  and  C  given  in  Table  I 
and  plotted  in  Figure  2. 


Table  1—  Relation  of  C  to  y 

Diameter  ratio  0.6209.   Specific  heat  ratio  1.283.  Throat  taps 


5-' 

C observed 

0.6669-0.28 
(l-») 

Difference 

&-» 

Pi 

C  observed 

0.5669-0.23 
d-f) 

Difference 

0  549 

0.5818 

0.5032 

-0. 0014 

0.797 

a  6211 

0. 6202 

+0.0009 

.  .VvH 

.6660 

.5652 

+.0008 

.904 

.6444 

.6448 

-.OOW 

.560 

.  6654 

.6657 

-.0003 

.911 

.6469 

.6464 

+.0005 

.647 

.  S&66 

.5857 

+.0009 

.913 

.6486 

.6469 

+.0017 

.651 

.5872 

.  5866 

+.0006 

.947 

.6543 

.6547 

-.0004 

.  6.10 

.5879 

.5864 

+.  0015 

.948 

.6527 

.6549 

-. 0022 

.700 

.5973 

.5979 

-.0006 

.  <<:>3 

.6557 

.6561 

-.0004 

.703 

.5979 

.5986 

-.0007 

.975 

.6589 

.6612 

-.0023 

.711 

.&m 

.6004 

-.0005 

.977 

.6620 

.6616 

+.0004 

.WW 

.6250 

.6227 

+.©023 

.977 

.6606 

.6616 

-.0011 

.799 

.6213 

.6207 

+.0006 
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This  is  one  of  a  large  number  of  results  of  experiments  carried  out 
under  the  direction  of  H.  S.  Bean,  of  the  Bureau  of  Standards,  for  the 
Committee  on  Gas  Measurement  of  the  Natural  Gas  Department  of 
the  American  Gas  Association.  In  this  instance,  the  experimental 
work  was  done  at  Los  Angeles  in  1929,  with  a  natural  gas  of  specific 
heat  ratio  7  =  1.283,  and  the  pressures  were  taken  at  throat  taps. 

The  Los  Angeles  experiments  included  tests  of  23  orifices  in  pipes  of 
4,  8,  and  16  inches  nominal  diameter,  and  Table  2  gives  a  list  of  the 
orifices,  together  with  the  number  of  tests  on  each  and  the  lowest 
value  of  y,  for  throat  taps,  to  which  the  tests  extended. 


066 

0.6? 

<X64 

0.63 

061 

061 

060 

0.5? 

0-58 

0.57 

0.56 


\ 
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- 
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Figure  2—  Relation  of  discharge  coefficient  to 

ratio 

From  Table  l 


05 


The  orifice  plates  were  one-eighth  inch  thick,  with  the  edges  of  the 
orifice  square  and  sharp  at  both  faces.  They  were  installed  in  com- 
mercial steel  pipes  which  had  been  selected  for  smoothness,  and  a 
short  nest  of  smaller  pipes  was  placed  in  each  of  the  three  pipes  at  a 
distance  of  10D  to  15D  ahead  of  the  orifice,  to  insure  straightness  of 
flow.  Pipe,  throat,  and  flange  taps  were  provided,  and  pressures  were 
read  at  all  three  pairs.  The  absolute  pressure  was  never  more  than 
2.6  atmospheres  so  that  departures  from  Boyle's  law  could  be  ignored. 
Since  it  was  not  practicable  to  measure  the  rates  of  flow  by  means  of  a 
gasometer,  they  were  determined  by  passing  the  discharge  from  the 
orifice  under  test  through  standard  reference  orifices,  of  which  any 
number  up  to  6  could  be  used  in  parallel.  Details  of  the  experiments 
and  their  results  will  be  described  in  a  later  publication. 

The  linear  relationship  shown  by  Table  1  and  Figure  2  is  charac- 
teristic of  the  orifices  for  which  0.2</3<0.75.    In  general,  the  depar- 
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tures  of  the  plotted  points  from  the  best  straight  line  that  could  be 
drawn  among  them  by  simple  inspection  were  somewhat  greater  than 
in  this  series,  but  they  were  not  systematic. 

For  diameter  ratios  of  0.8  or  more,  when  the  range  of  y  was  long 
enough  to  give  a  well  defined  band  of  points,  the  axis  of  the  band  was 
concave  upward,  the  curvature  increasing  with  0;  and  the  tests  of  the 
orifice  for  which  /3  =  0.1241  indicated  that  a  curve,  slightly  convex 
upward,  would  be  a  little  better  than  a  straight  line,  a  result  in  accord- 
ance with  other  observations  on  orifices  of  diameter  ratios  below  about 
0.2.  But  the  general  conclusion  may  be  drawn  from  the  Los  Angeles 
observations  with  throat  taps,  that,  over  the  ranges  0.2</3<0.75  and 
1.0>^>0.5,  the  expansion  factor  can  be  represented, ;  within  the 
experimental  errors,  by  the  linear  equation 

r-l-f(l-y)  (6) 

in  which  the  slope  coefficient,  €,  is  constant  for  any  one  orifice  but 
increases  with  0. 


Table  2.— List  of  orifices  tested  at  Los  Angeles,  1929 


Number  of 
orifice 

Pipe  di- 
ameter 2> 

*  ft 

D 

Numbor 
of  tests 

Lowest 
value  of  y 

Indut 

[  a  3724 

0.0192 

24 

tt  533 

2  

.4967 

.0609 

21 

.541 

3   

.6207 

.1484 

20 

.516 

4.03 

.7449 

.3079 

31 

.644 

.8069 

.4239 
.5705 

25 

.503 

6  

.8691 

24 

.607 

7  

r  .1241 

.0002 

21 

.543 

8  

.3105 

.0093 

21 

.529 

0  

.4967 

.0609 

21 

.515 

10  

8.05 

.6209 

.  1486 

21 

.549 

11  

.6829 

.2175 

28 

.405 

12  

.7460 

.3080 

31 

.479 

13  

.8070 

.4241 

31 

.  48* 

14  

.8693 

.5711 

29 

.550 

1ft  

{  .1951 

.0014 

26 

.472  j 

16  

.3901 

.0231 

30 

.  523 

17  

.5527 

.0933 

25 

.597 

18.. 

.6501 

.  1786 

22 

.741 

19..  

15.38 

.6989 

.2386 

21 

.798 

20  

.7477 

.3125 

14 

.875 

21  

.7963 

>  .4021 

12 

.887 

22  

.82*9 

i  .4721 

18 

.  933 

23  

.8615 

.5508 

1  11 

.952 

When  the  measurements  of  pressure  were  made  with  flange  taps 
ft  =  k=  1  inch  instead  of  l\—D,  ^  =  0.5Z>),  the  results  were  similar  to 
those  for  throat  taps,  the  only  difference  being  that  the  values  of  c 
were  a  trifle  larger  and  that  the  linear  relationship  persisted  up  to 
higher  values  of  0. 

Experiments  by  R.  Witte  (3,  4),  with  corner  taps,  have  also  given 
a  linear  relation  of  Y  to  y  for  air  and  nitrogen;  and  the  same  was  true 
of  his  more  extensive  experiments  on  superheated  steam,  except  for 
an  as  yet  unexplained  anomaly  at  the  highest  values  of  y,  which  may 
be  connected  with  the  phenomena  of  delayed  condensation.  The 
remaining  points  lay  along  straight  lines.  (See  reference  4,  figs.  14 
and  15,  p.  295.) 

The  experimental  data  cited  above  seem  to  be  the  most  extensive 
and  trustworthy  available,  though  not  the  only  ones.    For  example, 
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J.  L.  Hodgson  (5)  has  published  curves  representing  the  results  of 
experiments  with  corner  taps  on  air  for  diameter  ratios  0  =  0.421, 
0.632,  and  0.843,  and  they  are  all  convex  upward;  but  for  the  two 
lower  diameter  ratios  one  can  not  be  certain,  from  the  small  figure 
published,  that  straight  lines  would  not  do  as  well  as  the  curves. 
For  0  =  0.843  there  is  no  doubt  about  the  curvature,  but,  unfortu- 
nately, there  are  no  other  published  data  with  which  this  curve  can 
be  compared,  so  that  it  stands  alone. 

In  the  Los  Angeles  experiments  with  flange  taps,  the  orifices 
numbered  5,  13,  and  14,  in  Table  2  (0  =  0.8069,  0.8070,  and  0.8693) 
gave  well-defined  straight  lines,  while  the  observed  points  for  number 
6  (0  =  0.8691)  lay  along  a  curve  that  was  strongly  concave  upward. 
There  is,  however,  no  necessary  inconsistency  between  these  obser- 
vations and  Hodgson's.  For  when  the  edge  of  the  orifice  is  as  near 
the  wall  of  the  pipe  as  it  is  with  these  large  values  of  0,  the  pressure 
at  the  wall  in  the  vicinity  of  the  plate  varies  rapidly  with  distance 
from  the  plate;  and  flange  taps,  which  are  merely  near  the  plate,  may 
well  give  quite  different  results  from  taps  right  in  the  corners.  The 
fact  that  plate  14  gave  a  straight  line,  while  plate  6,  with  the  same 
value  of  0,  gave  a  curve,  was  aoubtless  due  partly,  if  not  wholly,  to 
the  fact  that  the  tap  distances  were  D/8  in  the  one  case  and  D/4  in 
the  other. 

The  results  of  the  early  work  of  the  Bureau  of  Standards  on  com- 

Eressed  air  (6)  were  also  presented  as  curves  that  were  convex  upward; 
ut  the  observed  points  were  so  much  scattered  that  straight  lines 
might  equally  well  have  been  used,  for  all  but  the  lowest  values  of  0. 
The  experimental  conditions  at  Los  Angeles  were  more  favorable, 
both  in  the  steadiness  of  the  gas  supplv  and  in  the  longer  range  of 
values  of  y  that  could  be  covered,  and  they  permitted  of  so  much 
higher  precision  that  the  Los  Angeles  results  may  be  regarded  as 
superseding  the  earlier  ones. 

Many  experiments  with  natural  gas  from  other  fields  have  been 
carried  out  under  the  direction  of  H.  S.  Bean  for  the  committee 
named  above,  and  have  given  results  like  those  already  described; 
but  the  experimental  conditions  were  generally  less  satisfactory  and 
a  detailed  discussion  of  the  results  would  not  change  or  invalidate 
the  conclusions  drawn  from  the  more  precise  data  gathered  at  Los 
Angeles.  These  additional  experiments  will  not  be  further  considered 
here,  nor  will  an  exhaustive  review  of  the  literature  be  attempted; 
but  one  excellent  set  of  observations  remains  to  be  mentioned, 
although  the  arrangement  of  the  apparatus  did  not  correspond 
exactly  to  any  of  the  four  usual  pressure  tap  combinations. 

H.  Bachmann  (7),  working  with  air,  determined  the  discharge 
coefficient  of  an  orifice  on  the  end  of  a  pipe,  with  the  jet  issuing  into 
the  atmosphere.  The  dimensions  were  £>  =  82.5  mm  (3.25  inches), 
d= 20.032  mm,  0  =  0.2428,  and  lx  =  1.82Z);  and  p2  was  taken  to  be  the 
barometric  pressure. 

In  view  of  the  low  value  of  0,  this  arrangement  must  have  given 
very  nearly  the  same  results  as  if  the  pipe  had  been  continued  down- 
stream and  the  pressures  had  been  measured  at  throat  taps. 

The  values  of  C  from  17  experiments  covering  the  range  0.996>y^ 
0.535  are  reproduced  without  systematic  error  by  the  equation 

(7=0.600  (1-0.302  (1-y)]  (7) 
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the  greatest  departure  being  —  0.6  per  cent,  and  the  mean  ±  0.2  per 
cent. 

One  experiment,  at  y  =  0.997,  gave  (7=0.5907  as  compared  with 
0.5995  from  equation  (7);  but  having  regard  to  the  admirable  con- 
sistency of  the  other  values,  it  seems  fair  to  assume  that  this  one 
experiment  was  affected  by  an  unusually  large  error  of  some  sort. 

From  the  foregoing  brief  review  of  experimental  data,  it  appears 
that,  over  the  range  1.0  >y>0.5,  the  expansion  factor  may  be  repre- 
sented, within  the  present  accuracy  of  orifice  meter  testing,  by  linear 
equations  of  the  form  of  equation  (6),  provided  that:  (a)  The  tap 
distances  are  not  greater  than  =  Z?_and  U  =  0.5D;  and  (6)  the  diam- 
eter ratio  is  within  the  limits  0.2<^^0.75. 


V.  COORDINATION  OF  THE  EXPERIMENTAL  VALUES  OF  c 

Admitting  the  substantial  correctness  of  the  general  form  of 
equation  (6),  we  have  next  to  intercompare  the  values  of  the  slope 
coefficient  e  that  fit  the  various  sets  of  observations. 

1.  THROAT  TAPS 

For  each  of  the  orifices  tested  at  Los  Angeles  the  values  of  C^l-  m* 
were  plotted  as  ordinates2  against  y  as  abscissa;  and  for  each  orifice 
for  which  j8  <  0.75,  the  result  was  a  more  or  less  definite  and  straight 
band  of  points.  By  stretching  a  fine  thread  along  the  band  and 
making  readings  at  y  =  0.5  and  y  =  1.0,  two  straight  lines,  of  greatest 
and  least  slope,  were  determined,  between  which  any  line  that  could 
reasonably  be  drawn  to  represent  the  band  must  lie.  The  values 
of  c  for  these  lines  were  computed,  and  their  mean  is  recorded  as 
€obt  in  column  5  of  Table  3. 

Table  3. — Slope  coefficient  of  Y for  throat  taps  or  free  discharge 
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H.  8.  Bean,  throat  tap?. 
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charge,  t- 140  J:  AM 


0.41+0.33m> 

Col. 

D 

i" 

«.».. 

*«•*. 

y 

umn  8 
-col- 

umn 6 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Inches 



a  3724 
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0.324 
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0.614 
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.630 
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-.363 
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.386 
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-.013 

-.007 

.748 

.1241 
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.003 
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-.007 
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.0093 
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.322 
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+.004 

.606 

.4967 
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.331 
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.335 
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.634 
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.1486 

.344 

.003 
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-.oii 

.667 
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.376 

+.007 
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.696 
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.022 
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.613 
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.0933 
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.03*JI 

.344 

—.037 

-.005 

.643 

15.38 

.6501 

.1786 

.337 

.017 

.365 

-.028 

-.011 

.679 

.«»89 

.2386 

.379 

.023 

.381 

-.002 

.705 

.7477 

.3125 

.386 

.022 

.400 

-.014 

.733 

3.23 

.2428 

.0035 

.302 

.010 

.294 

+.008 

.600 

1  Values  of  C  might  efjufUly  well  have  been  used. 
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The  number  in  column  6  is,  in  each  case,  one-half  the  difference 
between  the  two  extreme  values  and  gives  a  rough  estimate  of  the 
uncertainty  of  the  value  of 

The  foregoing  procedure  evidently  involves  a  considerable  exercise 
of  personal  judgment  which  might  have  been  avoided  by  utilizing 
the  method  of  least  squares.  But  there  was  no  satisfactory  method 
for  weighting  the  separate  points — which  were  certainly  not  all  of 
equal  weight — *nd  the  result  of  any  arbitrary  assignment  of  weights 
would  have  been  no  more  authoritative  or  probahle  than  that  ob- 
tained, as  described,  by  simple  inspection. 

If  tests  were  carried  out  on  a  series  of  orifices  which  differed  only  in 
diameter  ratio,  the  values  found  for  t  should  evidently  he  along  some 
smooth  curve,  «=/03),  within  the  errors  of  experiment;  and  it  appears 
that  the  relation  would  bo  approximately  linear  in  /J4  or  m2.  Column 
7  of  Table  3  contains  values  computed  from  the  empirical  equation 

0.41  + 0.33m2  /Q, 

<e*le .  =  ~   (8) 

and  column  8  contains  the  values  of  {t9bl—  <caie.).  Column  9  shows 
the  positive  or  negative  excess  of  (etf6t.  —  Uau)  over  the  estimated 
uncertainty  of  given  in  column  6.  For  5  of  the  17  orifices,  includ- 
ing Bachmann's,  ((0b».~ *cau.)  is  within  the  estimated  uncertainty, 
while  for  the  other  12  it  is  outside,  by  amounts  up  to  0.011. 

It  is  quite  possible  that  the  errors  in  determining  €  were  larger  than 
the  adnuttecUy  rough  estimates  shown  in  column  6;  and  there  may 
also  have  been  differences  of  finish  between  the  different  plates,  so 
that  even  if  there  had  been  no  experimental  errors,  the  points  would 
not  have  lain  on  a  smooth  curve  or  a  straight  line.  But  m  any  event, 
the  departures  are  not  so  important  as  might  appear  at  first  sight. 
An  error  of  0.010  in  e  changes  C  by  0.4  per  cent  at  y  =  0.6,  or  by  0.2 
per  cent  at  y  =  0.8,  which  is  a  lower  value  of  y  than  is  often  encoun- 
tered in  practice;  and  it  seems  probable  that  when  an  orifice  meter  for 
gas  is  used  with  throat  taps,  the  equation 

v        ,    0.41 -f  0.33m2 v 

Yean.  =  1  (1  -  y)  (9) 

will  always  give  values  of  Y  that  are  accurate  enough  for  ordinary 
commercial  purposes. 

2.  FLANGE  AND  CORNER  TAPS 

In  Table  4,  with  the  same  notation  as  Table  3,  the  data  in  the 
upper  part  refer  to  Bean's  observations  with  flange  taps  on  the  Los 
Aiigeles  natural  gas,  the  values  of  €obt.  and  8eobt.  having  been  found 
from  the  observations  in  the  manner  described  above  for  throat  taps. 
The  lower  part  of  the  table  refers  to  Witte's  (4)  observations  with 
corner  taps  on  superheated  steam,  air,  and  nitrogen:  and  the  values 
of  t0b$.  were  obtained  by  readings  from  the  published  plots  of  Y 
against  y.   (See  reference  4,  figs.  14  and  15,  p.  295.) 
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Table  4. — Slope  coefficient  of  Y  for  flange  and  corner  tape 


I  VoL  9 


i     :     '  I 


Observer 


>-0 


Indie*  | 

I 

4  03  ! 


7-1.283. 


W  itte,  comer  tops,  7- 1-^1 . 


"Witte,  corner  tops,  -y-1.40. 


S.  05 


3.94 

.  79 

.  197 


I  0.41+0.37m> 


3724 

0  0192 

U.  >>S£ 

±V.  Wit 

.  4w< 

I'M* V  1 

.  mio 

.  W207 

.  14S4 

c  ~ 

.  7444 

.3*7 

.015 

.$069 

.  4239 

.441 

.005 

.  1241 

.0002 

.310 

.006 

.  lilO." 

.  0093 

.335 

.004 

.49*57 

.0*'O9 

.329 

.005 

.  6209 

.  14fv0 

ATi  1 
.  OtH 

.  6*29 

.2175 

.  303 

.  003 

.  7450 

.  30M) 

.  412 

.  005 

."070 

.  4241 

.  44s 

.  002 

.  *69tt 

.  5711 

.  491 

.003 

.  1951 

.0011 

.300 

.  oor. 

.  3901 

.  0  231 

.  sot 

.012 

.  0501 

.  17  V. 

.  349 

.  (j  1 5 

.  i.K*9 

.  msn 

.409 

.01* 

.7477 

.3125 

.  433 

.030 

.20 

.0018 

.32S 

.  4935 

.0595 

.  :m 

.  w 

.  1 13f. 

.  352 

.70 

.  2401 

.3s2 

.  7f5 

.  Xi'.V 

.411 

.  152 

.nm 

.  275 

.  326 

.0Ii2 

.332 

.  606 

.  1347 

.»» 



7 


0  325 
.  337 
.  362 
.  40S 
.442 

.320 
.322 
.  337 
.  362 
.  :U2 
.408 
.  442 
.4K3 

.  320 
.  326 
.  371 
.  3\S 
.410 

.  313 
.  330 
.  315 

.  as  1 

.  4U7 
.  2*.l3 

.■*■<; 

.32* 


Col- 
utnn 


+0  008 
+  .004 
-r.  005 
-.021 
-.001 

-.010 
+.013 
-.008 

-.012 
-f.  011 
+  0O4 
-.000 
■r.OOS 

-.  011 

—  022 
-.  022 
-f .  021 
+.  0'/3 


■T-.015 

•t-.o.r. 

-r.  007 

007 

-D1S 
4-.  030 

— .  Olri 


In  Witte's  experiments  on  steam,  the  rate  of  flow  was  determined 
by  condensation  and  weighing,  and  the  experimental  accuracy  was 
probably  higher  than  could  be  attained  with  natural  gas.  On  the 
other  hand,  in  his  experiments  on  air  and  nitrogen,  the  flow  was  meas- 
ured by  a  small  wet-drum  meter;  and  while  these  measurements  may 
have  been  accurate,  the  orifices  were  too  small  for  exact  reproduction, 
and  comparison  with  larger  orifices  of  ostensibly  the  same  geometrical 
shape  is  of  little  significance.  The  most  important  result  of  these 
small-scale  experiments  is  their  satisfactory  confirmation  of  the  linear 
relationship  between  Y  and  y. 

Since  Witte 's  values  of  Y  are  published  in  the  form  of  small  plots, 
from  which  it  is  difficult  to  make  accurate  readings,  the  values  of  €obt. 
given  in  Table  4  may  not  do  justice  to  the  accuracy  of  the  original 
data.  No  attempt  has  been  made  to  estimate  the  uncertainty  de- 
noted by  8(obl.  It  is  impossible  to  assign  definite  weights  to  the  26 
values  of  €«»,.;  but  the  5  values  for  the  largest  pipe  at  Los  Angeles 
and  Witte's  3  values  for  air  and  nitrogen  seem  to  be  considerably 
less  trustworthy  than  the  others. 

The  values  in  column  7  of  Table  4  were  computed  from  the  equation 

0.41  + 0.37m8  ,im 
7 

and  columns  8  and  9  have  the  same  meanings  as  in  Table  3. 
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As  with  equation  (9)  for  throat  taps,  so  here  it  appears  that  the 
slightly  modified  equation 

v  t  0.41+ 0,37m2  „  .  m. 
reaJe.  =  l  (1-y)  (11) 

represents  the  facts  to  an  approximation  sufficient  for  ordinary  com- 
mercial metering,  under  the  following  conditions:  (a)  for  flange  taps, 
up  to  d  =  0.8  when  /i  =  k<Z?/4,  or  up  to  0  =  0.87  when  Ji=£<I>/8; 
and  (6)  for  corner  taps  up  to  0  =  0.76,  the  highest  value  for  which 
Witte  gives  data. 

When  an  orifice  for  which  0  =  0.869  was  tested  at  Los  Angeles  in 
the  4-inch  pipe,  with  flange  taps,  the  resulting  band  of  points  was 
strongly  concave  upward,  whereas  an  orifice  of  the  same  diameter 
ratio  m  the  8-inch  pipe  gave  a  well-defined  straight  line.  The  simple 
linear  relation  persisted  to  a  higher  value  of  0  when  the  pressure  taps 
were  relatively  closer  to  the  orifice  plate;  and  in  Witte 's  measure- 
ments with  corner  taps,  values  of  0  above  0.76  would  probably  still 
have  given  the  linear  relation  described  by  the  general  equation  (6) 
or,  in  particular  cases,  by  equations  (7),  (9),  and  (11). 

VI.  THEORETICAL  COMPUTATION  OF  Y 

Some  orifice-metering  devices  work  with  more  than  the  critical 
pressure  drop,  but  in  the  normal  meter  the  range  of  pressure  is  less 
than  2  to  I,  and  usually  very  much  less.  Even  with  gases  that  show 
considerable  departures  from  Boyle's  law  over  the  range  from  1  at- 
mosphere up  to  the  high  pressures  at  which  they  may  be  metered, 
the  departures  are  nearly  always  neglible  over  the  range  of  pressure 
in  an  orifice  meter;  and  although  the  use  of  the  ideal  gas  equation, 
pv  =  RT,  for  computing  the  density  at  px  from  the  density  at  atmos- 
pheric pressure,  might  lead  to  serious  errors,  it  is  permissible  to 
treat  the  expansion  through  the  orifice  as  subject  to  this  equation. 
It  may  also  be  stated,  without  discussing  the  details  of  the  experi- 
mental evidence,  that  when  RA  Is  large,  the  flow  is  very  nearly  isen- 
tropic,  at  least  as  far  as  the  vena  contracts.  The  changes  of  density 
in  the  jet  may  therefore,  without  appreciable  error,  be  treated  as 
conforming  to  the  thermodynamic  equations  for  isentropic  expansion 
of  an  ideal  gas. 

Let  us  now  suppose  that  the  pressure  taps  are  so  situated  that 
is  the  static  pressure  in  the  approaching  stream  of  gas  just  before  it 
has  begun  to  converge  toward  the  orifice,  and  p2  is  the  static  pressure 
in  the  jet  at  the  vena  contracta,  where  the  flow  has  become  straight 
and  the  pressure  in  the  jet  sensibly  uniform  and  equal  to  the  static 
pressure  of  the  gas  in  the  surrounding  space. 

The  area  of  the  orifice  being  A,  let  /ia  be  the  contraction  coefficient, 
so  that  the  cross  section  of  the  jet  at  the  vena  contracta  is  Ana. 
Then  by  the  usual,  familiar  tram  of  reasoning  we  arrive  at  the 
equation 

M-A*.  yT-y  "  ,  (12) 
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[Vtd.9 


And  upon  comparing  this  with  equation  (2)  in  the  form 


M-KYA^fa-p,)  (13) 
and  introducing  the  abbreviation 


2  y+l 


7-1  i-y 


we  get  the  equation 


.    1     I  Z 

V  ifa  —  m^r 


(15) 


from  which  Y  may  be  computed,  for  any  given  values  of  m,  K,  7, 
and  y,  if  the  value  of  jua  can  be  determined. 

In  default  of  a  solution  of  the  equations  of  motion,  Mo  can  be  found 
only  by  recourse  to  some  plausible,  simplifying  assumption.  In  an 
earlier  paper  (8)  it  was  assumed  that,  at  any  given  mass  flow,  the 
force  exerted  by  the  gas  on  the  upstream  face  of  the  orifice  plate  was 
the  same,  whether  the  subsequent  flow  through  the  orifice  was  isen- 
tropic  or  went  on  without  change  of  density,  as  for  liquids.  If  the 
jet  issues  into  a  space  in  which  the  static  pressure  is  uniform,  and  is 
therefore  the  same  all  over  the  boundary  of  the  jet  and  the  downstream 
face  of  the  plate  as  in  the  vena  contracta,  the  assumption  makes  it 
possible  to  apply  the  momentum  principle  and  obtain  a  relation  be- 
tween the  contraction  coefficient  jxa,  and  the  contraction  coefficient, 
n,  for  a  jet  of  liquid  from  the  same  orifice.  The  latter  may  readily 
be  shown  to  satisfy  the  equation 

m~VTh»  (16) 

so  that  n  may  be  computed  from  the  diameter  ratio  of  the  orifice  and 
the  value  of  K,  which  is  accessible  to  measurement,  either  by  experi- 
ments with  a  liquid  or  as  the  limiting  value  of  C  in  experiments  with  a 
gas. 

The  relation  in  question  (equation  (20)  of  reference  8)  may  be  put 
into  the  form 


Ma 

where 


\f,W-*) 


2?=(m'  +  ?-i)z-my*  (18) 

and  Z  is  defined  by  equation  (14). 

The  value,  or  lack  of  value,  of  the  assumption  on  which  equation 
(17)  is  based  is  to  be  determined  by  comparing  the  resulting  "theoret- 
ical "  values  of  Y  with  values  found  by  experiments  with  a  gas  on  an 
orifice  which  is  so  installed  that  the  conditions  regarding  pl  and  p2 
are  satisfied. 
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The  value  of  K,  found  either  by  testing  with  a  liquid  or  by  extrapola- 
tion to  y  =  1  from  the  experiments  with  the  gas,  is  substituted  in 
equation  (16),  together  with  the  measured  value  of  /3"  =  m,  to  give  the 
value  of  p;  a  value  of  y  is  selected,  and  with  the  given  value  of  y  the 
value  of  Z  is  computed  from  equation  (14);  and  after  these  prelim- 
inaries, B,  n0,  and  Y  are  computed,  successively,  from  equations  (18), 
(17),  and  (15).  The  value  of  Fmay  then  be  compared  with  the  value 
found  by  experiment  at  the  selected  value  of  y. 

VII.  COMPARISON  OF  THEORETICAL  AND  EXPERIMENTAL 

VALUES  OF  Y 

In  the  deduction  of  equation  (12),  px  and  p2  represent  the  static 
pressure  in  the  stream  just  before  it  begins  to  converge  toward  the 
orifice,  and  the  static  pressure  in  the  jet  at  the  vena  contracta; 
and  if  the  theory  is  to  be  tested  by  comparing  values  of  Y  from 
equation  (15)  with  values  obtained  by  experiment,  the  pressure  taps 
in  the  experimental  apparatus  must  be  so  placed  as  to  conform  to  the 
requirements  of  the  theory.  For  diameter  ratios  up  to  0.75,  the 
former  condition  may  be  satisfied,  within  the  precision  of  all  but 
the  most  refined  measurements,  by  placing  the  upstream  side  hole 
anywhere  within  the  limits  0.5Z)<;1<2Z>;  but  the  location  of  the 
downstream  side  hole  requires  more  care. 

Visual  observations  with  orifices  installed  in  glass  pipes  have 
shown  that  the  vena  contracta  occurs  at  about  the  same  cross  section 
of  the  pipe  as  the  minimum  static  pressure  at  the  wall,  and  it  is 
commonly  assumed  that  this  minimum  pressure  is  identical  with  the 
pressure  in  the  jet  at  the  vena  contracta.  No  direct  experimental 
proof  of  this  is  known  to  the  present  writer,  but  there  is  no  obvious 
reason  for  doubting  that  the  assumption  is  substantially  correct, 
and  it  will  be  accepted  here. 

For  low  values  of  0,  the  downstream  minimum  of  pressure  is  about 
one  pipe  diameter  from  the  orifice,  but  is  too  flat  to  be  located  accu- 
rately. As  0  is  increased,  the  minimum  becomes  more  pronounced 
and  moves  closer  to  the  orifice,  but  its  position  also  depends  to  some 
extent  on  the  rate  of  flow,  being  blown  farther  downstream  if  the 
speed  of  the  jet  is  raised  (9).  Nevertheless,  the  pressure  in  a  fixed 
side  hole  at  the  distance  l2  =  0.bD  from  the  orifice  plate  is  only  very 
slightly  higher  than  the  nmniimum  pressure,  unless  0  is  large;  and  up 
to  /9=0.75  the  difference  is  not  more  than  0.005  (pi-pi),  wnich  corre- 
sponds to  a  change  in  C  of  onlv  0.25  per  cent.  It  is  therefore  evident 
that  measurements  of  px  and  p2  with  throat  taps  will  come  very 
close  to  satisfying  the  conditions  presupposed  in  the  deduction  of 
equation  (15). 

The  deduction  of  equation  (17)  is  subject  to  the  further  condition 
that  the  static  pressure  on  the  downstream  face  of  the  orifice  plate, 
and  over  the  bounding  surface  of  the  jet  as  far  as  the  vena  contracta, 
shall  be  uniform  and  equal  to  the  pressure  inside  the  jet  at  the  vena 
contracta.  This  requirement  is  satisfied  when  the  jet  discharges 
into  the  open  air,  as  in  Bachmann's  experiments  (7),  or  in  the  ordinary 
installation  when  0  is  small.  As  0  is  increased,  the  static  pressure 
in  the  region  about  the  jet  becomes  less  uniform,  if  we  may  judge 
by  observations  at  a  series  of  small  side  holes  distributed  along  the 
wall  of  the  pipe,  and  the  conditions  for  the  validity  of  equation  (17) 
are  less  nearly  satisfied. 
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It  is  impossible  to  form  a  quantitative  estimate  of  the  effects  of  the 
departures  from  the  theoretical  conditions  just  considered,  and  the 
comparison  of  theory  with  experiment  will  therefore  be  carried  up  to 
0=0.75,  which  is  as  far  as  the  Los  Angeles  experiments  with  throat 
taps  gave  well-determined  values  of  Y. 

To  cover  this  range  of  diameter  ratios  six  of  the  Los  Angeles 
orifices  were  selected  as  having  particularly  well  determined  values 
of  (obi]  they  are  marked  with  asterisks  (*)  in  column  5  of  Table  3. 

Values  of  Y  were  computed  from  equation  (15)  at  y  =  0.5  0.9, 

with  7  =  1.283  and  the  values  of  K  shown  in  column  10  of  Table  3, 
which  were  found  graphically  at  the  same  time  as  the  values  of  e^,.. 

The  first  result  to  be  noted  is  that  the  theoretical  curves,  F=/(y), 
are  slightly  convex  upward,  the  curvature  being  greatest  for  low 
values  of  0.  For  y^0.6,  the  computed  points  are  not  far  from  the 
straight  line  drawn  from  the  point  Y=  1)  through  the  point 

computed  for  y  =  0.7.  The  slope  of  this  line  will  be  denoted  by  €0.7, 
and  the  ordinates  by 

F0.7  =  l-eo.7(l-y)  (19) 

The  value  of  (Y—  Y0j)  at  any  value  of  y,  is  the  amount  by  which  the 
computed  theoretical  curve  is  above  the  straight  line  at  that  value  of 
y,  and  these  amounts  are  shown  in  Table  5. 


Table  5.— Curvature  of  the  computed  curve  Y*=f(y) 


y 

D 

0 

Values  of  (Y-Ytj) 

f-0.5 

0.6 

1 

0.7 

0.8 

0.0 

Inckct 

8.06 

a  1241 

a  695 

-a  0083 

-a  0030 

±0.0000 

+0.0012 

+  0.  0011 

8.05 

.8106 

.  606 

-.ooso 

-.0028 

±  0000 

+.0011 

+.0011 

4.03 

.4067 

.630 

-.0071 

-.0026 

±.0000 

+.0010 

+.0008 

L283 

4-03 

.6207 

.668 

-.0069 

-.0020 

±.0000 

+.  000s 

+.0006 

8.05 

.6829 

.696 

-.0049 

-.0016 

±.0000 

+.0006 

+.0004 

8.06 

.7450 

.737 

-.0036 

-.0011 

±  0000 

+.0003 

+.0001 

L40 

3.26 

.2428 

.600 

-.0076 

-.0028 

±.0000 

+.0012 

+.0011 

The  fourth  figure  in  Y  is  not  certain,  but  the  table  suffices  to  give 
an  idea  of  the  degree  of  curvature  and  its  regular  increase  as  0  decreases. 
As  already  noted,  experiments  indicate  that  when  0  is  small  the  true 
curve  is  slightly  convex  upward,  although  for  larger  values  of  0  it  is 
sensibly  a  straight  line. 

The  computations  were  also  carried  out  for  Bachmann's  (7)  orifice 
with  0  =  0.2428,  #=0.600,  and  7  =  140;  and  Table  6  contains  values 
of  the  following  quantities  for  each  of  the  seven  orifices: 

Y  computed  from  equation  (15); 

Y0.7  computed  from  equation  (19);  and 

Y0b,  computed  from  equation  (6),  with  c«»,  taken  from  column  5 
of  Table  3. 
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and  observed  values  of  Y  for  throat  tave  (B««n,  7«=  1.288)  and 
free  discharge  (Bachmann,  y=1.4u) 


a  303  h 

•  313  j[ 
.320  I 


0. 1241 


.313 
.329 
.322 


.3105 


.342 
.335 


.419 
.403 


.302 


I- 
I  • 
}■ 


7450 


2428 


a  595 


.606 


.630 


.  668 


.696 


.737 


600 


Y  

y^tit**- -  •  - 


jVoT  


v.. 

Kit 


v.... 


jn.;""::::"""::::: 

1 

i  *v 
y.( 


f-0.5 


0.841 
.849 
.844 

.836 

.838 

.828 
.834 
.829 

.812 
.818 


S07 


7. 


.787 
.791 
.799 

.851 
.859 


0.6 

0.7 

0.8 

0.9 

a  876 
.879 
.876 

a  9094 
.909 
.906 

a  941 

.940 

.937 

a  971 

.970 
.  969 

.872 
.875 
.888 

.9062 

.906 

.901 

.939 
.  937 
.934 

.970 
.969 
.967 

.864 

.867 
.863 

.9000 

.900 

.897 

.934 
.933 
.932 

.908 

.967 
.966 

.852 
.854 
.  855 

.8904 

.890 

.891 

.928 
.927 
.927 

.964 

.963 
.964 

.843 
.845 
.847 

.  S838 
.885 

.928 
.923 
.923 

.962 
.961 
.962 

.831 
.832 
.839 

.8742 

.874 

.879 

.916 

.916, 

.919 

.  .958 
.968 
.960 

.884 
.887 

.879 

.9151 

.916 

.909 

.945 
.943 
.940 

.973 
.972 
.970 

In  the  first  column,  values  of  $>.7  are  given  for  comparison  with  those 
of        and  (eau.t  repeated  from  columns  5  and  7  of  Table  3. 

Small  discrepancies  between  Tables  6  and  5  are  due  to  the  dropping 
of  subsequent  figures. 

2.  CORNER  TAPS 

Observations  of  pressure  at  corner  taps  do  not  quite  satisfy  the 
conditions  for  which  equation  (15)  was  deduced,  and  if  the  results 
of  such  observations  are  to  be  used  for  testing  the  value  of  that 
equation,  the  experimental  values  of  K  must  first  be  reduced  to  what 
they  would  have  been  if  the  pressures  had  been  observed  at  throat 
taps,  which  conform  more  nearly  to  the  requirements  of  the  theory. 
This  can  not,  at  present,  be  done  with  any  great  accuracy,  but  in 
order  not  to  neglect  the  opportunity  offered  by  the  publication  of 
Witte's  (4)  observations  on  steam,  the  reduction  will  be  attempted. 
It  might  be  effected  by  means  of  Witte's  observations  on  the  longti- 
tudinal  distribution  of  pressure  at  the  wall  of  the  pipe  near  the  orifice 
plate;  but  the  uncertainty  of  readings  from  the  rather  small-scale 
curves  by  which  the  results  are  represented  (see  reference  4,  Pt.  II) 
has  led  me  to  prefer  using  the  somewhat  similar  data  obtained  at 
Chicago  in  1924  (9). 

Letting  Kt  denote  the  value  of  K  for  corner  taps  and  writing 


K-bKc 


(20) 


values  of  the  reduction  factor  b  were  found,  by  interpolation  in  Table 
19  of  reference  9,  from  the  equation 


C(24,12) 

0  ca:i) 


(21) 
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in  which  (7(24,12)  and  0(1,1)  represent  the  values  of  Cfor  an  orifice 
installed  in  a  smooth  pipe  of  23.3  inches  inside  diameter,  when  the 
distances  from  the  orifice  plate  to  the  side  holes  were,  respectively,  24 
and  12  inches,  and  1  ana  1  inch,  the  ratio  being  deduced  from  the 
observed  longitudinal  distribution  of  pressure. 

The  identification  of  (7(1,1)  with  the  value  (7(0,0)  that  would  be 
obtained  with  the  side  holes  right  at  the  faces  of  the  plate  instead  of 
Z7/23.3  away,  is  of  course  not  exact;  the  difference  is  small  but  not  yet 
accurately  known,  and  it  varies  with  the  diameter  of  the  side  holes  (4). 
Furthermore,  the  pressure  distribution  is  not  entirely  independent  of 
the  pressure  ratio.  The  values  of  b  found  as  described  above  are 
therefore  slightly  uncertain,  but  in  default  of  a  detailed  tabulation  of 
Witte's  measurements  it  appears  that  we  can  do  no  better  at  present. 

Table  7  refers  to  the  five  orifices  for  which  Witte  gives  values  of 
Y=f(y)  determined  with  superheated  steam  (see  reference  4,  fig.  15) : 
the  notation  and  arrangement  are  the  same  as  in  Table  6,  with  the 
addition  of  two  columns  containing  Ke,  as  given  by  Witte,  and  6, 
obtained  as  already  described.  The  values  of  Y  were  computed  from 
equation  (15)  with  7  =  1.31  and  K=  bKe;  and  those  of  and  €caie.  in 
the  first  column  are  repeated  from  Table  4. 

Table  7. — Computed  and  observed  values  of  Y for  comer  taps  (Witte,  y*=1.31) 


«0.7 

«cau. 


0.304 
.328 
.813 

.818 
.356 
.330 

.336 
.352 
.345 

.878 
.382 
.381 

.418 
.414 
.407 


0.20 


.4935 


68 


.70 


.78 


0.604 
.822 
.644 
.  692 
.  730 


0.  9984 


.9991 


.  WW 


1.0081 


1.0202 


bK.-K 


0.6030 


.6215 


.6439 


.6970 


.7447 


»-0.5 


\y  

\  i^o  .7      «-.-. 

\y.u  

]?•.;:::::::::::::: 

lYafe......  

\Y.  

\Y9.1  

[r.u.  

Ifc;:::::::::::::: 

I  v.*.  


0.840 
.848 
.836 

.833 
.841 

.822 

.825 
.832 
.824 

.805 
.811 


.  788 
.792 
.783 


0.6 


0.  875 
.878 


.870 
.873 
.856 

.863 
.866 
.858 

.847 
.849 
.847 

.832 
.834 


0.7 


0.6 


0.  9087 
.909 
.902 

.9046 
.905 


.899 
.894 

.887 


.8753 
.875 


0.940 
.939 
.934 

.937 
.936 
.029 

.934 
.933 
.929 

.925 

■ 


.917 
.917 
.917 


0.9 


11 


0  971 
.970 
967 


968 
964 

967 

965 


A  question  might  arise  here  concerning  the  values  of  c,»f.  Let  px' 
and  p3'  be  the  pressures  measured  at  corner  taps,  while  px  and  pt  are 
the  upstream  and  downstream  minimum  pressures  dealt  with  by  the 
theory.  To  be  comparable  with  values  of  Y  computed  from  the 
reduced  values  of  K,  the  observed  values  of  Y  should  be  plotted 
against  the  simultaneous  values  of  p^lVu  and  if,  by  an  oversight,  the 
abscissa  in  the  plot  were  p/lpi,  the  values  of  ««»,.  read  from  the  plot 
would  need  slight  corrections,  which  would,  however,  be  negligible 
except  for  the  two  largest  orifices.  In  reality,  the  abscissa  in  the 
figure  is  stated  to  be  P2/V1,  and  since  it  must  be  assumed  that  the 
statemont  is  correct,  no  further  reduction  has  been  undertaken. 
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In  view  of  the  uncertainties  involved  in  the  foregoing  reduction  of 
Witte's  experimental  data,  to  say  nothing  of  the  difficulty  of  making 
accurate  readings  from  his  published  figure,  the  surprisingly  close 
agreement  of  Y  and  Yobt  for  the  two  largest  orifices  is  not  to  he  taken 
too  seriously.  Nevertheless,  it  appears  that,  over  the  range  0.6  <  y  <  1 .0 
and  0.2"/3<0.76,  equation  (15),  developed  by  theoretical  reasoning 
from  an  initial  approximating  assumption,  does  give  a  fairly  good 
representation  of  the  best  established  experimental  facts  for  steam 
(7  =  1.31),  as  well  as  for  natural  gas  (7  =  1.283)  and  for  air  (7=1.40). 

VIII.  SUMMARY 
1.  NOTATION 

With  all  quantities  expressed  in  terms  of  normal  units,  such  as 
"British  absolute"  or  cgs,  let  C  be  the  discharge  coefficient  of  an  ori- 
fice meter  of  the  type  illustrated  by  Figure  1,  as  defined  by  the  equa- 
tion   

M=CAj2Pl(pl-p2)  (A) 

in  which: 

M=  the  mass  discharged  per  unit  time; 
A  =  the  area  of  the  orifice ; 
Pi,p2  =  the  static  pressures  observed  at  the  upstream  and  down-stream 
side  holes  or  pressure  taps;  and 
Pi  =  the  density  of  the  gas  at  px  and  the  upstream  temperature. 

In  addition  to  the  foregoing  notation,  let 

d  =  the  diameter  of  the  orifice; 

D  —  the  diameter  of  the  pipe  in  which  it  is  installed ; 

0  =  d/D  =  the  diameter  ratio,  or 

m  =  02  =  the  area  ratio ; 
llt  k  =  the  distances  from  the  orifice  plate  to  the  centers  of  the  up- 
stream and  downstream  side  holes; 

V — V%iV\ =  the  pressure  ratio ; 

7  =  CPiC,  =  the  specific  heat  ratio  of  the  gas; 

ij  =  the  viscosity  of  the  gas; 
Rd  =  AM\to\  =  the  Reynolds  number; 

the  value  obtained  for  C  when  the  meter  is  tested  with  water 
or  other  liquid  under  conditions  that  make  -R<>200,000-Aff 
Pi,  and  i}  now  referring  to  the  liquid; 

Y=C/K=  the  expansion  factor  for  the  gas;  and 

e=(l-F)/(l-y),sothat 

C=KY  (B) 

and 

y-l-i(l-y)  (C) 

2.  CONCLUSIONS 

The  following  statements  and  conclusions  are  subject  to  the  restric- 
tion that  Rt> 200,000,  a  condition  which  is  nearly  always  satisfied 
in  the  commercial  measurement  of  gas  by  orifice  meters  except  when 
the  orifices  are  very  small. 

1 .  The  water  coefficient,  K,  is  sensiblv  constant  for  any  one  orifice 
when  installed  and  operated  in  a  prescribed  manner. 

2.  When  the  meter  is  used  for  gas,  C±K  or  F=  1,  when  y=  1. 
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These  two  facts  are  already  familiar  from  the  published  work  of 
Witte  and  others.  The  condition  Rd> 200,000  results  from  Witte's 
experiments  (3).  The  following  statements  are  conclusions  from  the 
discussion  in  the  present  paper  of  experimental  data  obtained  with 
pressure  taps  located  within  the  limits  Z,<2Z?  and  k^O.bD:  they  may 
or  may  not  be  true  outside  those  limits. 

3.  When  0<O.2,  the  curve  Y=f{y)  is  slightly  concave  toward  the  y 
axis,  but  the  data  for  low  values  of  0  are  scanty  and  no  more  specific 
statement  is  possible. 

4.  When  O.2<0<O.75,  Y=f(y)  is  linear  within  the  present  accuracy 
of  orifice  meter  measurements,  at  least  as  far  down  as  the  critical  value 
of  y;  in  other  words,  e  is  a  constant  for  any  one  orifice  meter. 

5.  When  0>O.75,  the  linearity  of  Y=f{y)  may  or  may  not  persist, 
according  to  the  location  of  the  pressure  taps. 

(a)  For  li  =  D  and  U  =  0.5Z)  (throat  taps),  the  curve  is  convex  toward 
the  y  axis  at  0  =  0.8  and  still  more  so  when  0  =  0.87.  Presumably,  the 
linear  relationship  ceases  to  hold  soon  after  0  exceeds  0.75. 

(6)  For  Zi  =  =  Z>/4  (flange  taps  in  a  4-inch  pipe),  Y=f(y)  is  still 
represented  by  a  straight  fine  at  0  =  0.8;  but  at  0  =  0.87  the  curve  is 
strongly  convex  toward  the  y  axis. 

(c)  For  li=li=p/&  (flange  taps  in  an  8-inch  pipe)  the  linear  rela- 
tionship still  persists  at  0  =  0.87. 

(d)  For  corner  taps  there  are  no  satisfactory  data  above  0  =  0.76; 
but  {b)  and  (c),  above,  indicate  that  Y=f(y)  would  still  be  linear  at 
considerably  higher  values  of  0. 

6.  Within  the  limits  O.2^0<O.75,  where  each  of  the  foregoing 
arrangements  of  the  pressure  taps  gives  a  linear  change  of  Y  with  y, 
or  a  constant  e  for  each  orifice,  the  values  of  «  vary  systematically 
with  0  and  7,  and  the  values  of  Y  are  given  approximately  by  the 
equation 

y^0.41+0.35m' 
7 

The  available  observations  may  be  slightly  better  represented  by 
using  separate  equations  for  throat,  and  for  corner  and  flange  taps; 
but  the  difference  is  little,  if  at  all,  greater  than  the  experimental 
uncertainties.  And  it  seems  probable  that  when  the  pressure  ratio  is 
greater  than  0.8,  as  it  is  in  the  vast  majority  of  practical  meterinc: 
operations,  the  mean  equation  (D)  will  always  give  the  value  of  Y 
correctly  within  0.5  per  cent,  and  usually  much  closer  than  that, 
provided  that  the  pressure  taps  are  located  within  the  limits  l^2D 
and  ^<0.5Z>. 

Further  accumulation  of  experimental  data  may  require  some  modi- 
fication of  the  numerical  coefficients  of  equation  (D),  but  it  seems 
improbable  that  the  changes  will  be  of  serious  importance  to  gas 
engineers. 

Although  the  variations  of  the  limiting  or  liquid  coefficient.  K,  have 
not  been  discussed  in  this  paper,  it  may  be  stated  here  that  tne  values 
of  Y,  or  of  the  slope  coefficient «,  are  much  less  sensitive  to  changes  of 
tap  location  or  roughness  of  the  pipe  than  the  values  of  K. 

7.  In  continuation  of  an  earlier  paper  (8),  a  theoretical  method  for 
computing  Y  has  been  developed,  and  has  been  shown  to  be  in  fair 
agreement  with  the  experimental  facts  in  a  number  of  typical  cases. 
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THEORY  OF  VOLTAGE  DIVIDERS  AND  THEIR  USE  WITH 
CATHODE  RAY  OSCILLOGRAPHS 
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ABSTRACT 

Four  requirements  are  giveu  for  voltage  dividers,  and  equations  have  been 
developed  for  the  most  general  type  of  capacitance  voltage  divider.  Special 
eases  of  the  most  general  type  are  discussed.  These  equations  show  that  if  the 
capacitance  of  the  voltage  divider  is  small,  the  capacitance  to  ground  can  not  be 
neglected  if  the  deflection  of  the  cathode  beam  is  to  be  proportional  to  the  applied 
voltage.  A  number  of  oscillograms  of  spark  discharge  using  five  types  of 
circuits  confirm  the  equations.  It  was  found  that  resistors  had  to  be  placed  in 
the  voltage  divider  to  damp  out  oscillations  set  up  in  the  divider.  Equations  are 
given  for  resistance  voltage  dividers  expressing  the  relatiou  between  the  divided 
voltage  and  the  applied  voltage  in  terms  of  the  resistance  and  self-capacitance  of 
the  resistors.  The  equations  show  that  onlv  under  special  conditions  will  the 
deflection  of  the  cathode  beam  be  proportional  to  the  applied  voltage.  Oscillo- 
grams taken  at  frequencies  of  20  to  1,000  kc  confirm  the  equations  as  closely  as 
can  be  expected  with  the  simple  assumptions  used  in  deriving  them.  Methods 
are  given  for  the  determination  of  the  sensitivity  of  the  cathode  beam  at  the 
photographic  plate,  as  well  as  the  determination  of  the  reduction  ratio  of  the 
voltage  divider. 
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I.  INTRODUCTION 

A  fundamental  requirement  for  an  instrument  designed  to  measure 
potential  difference  in  an  electric  circuit  is  that  the  measuring  instru- 
ment shall  not  introduce  more  than  a  negligible  change  in  the  character 
of  the  circuit  under  consideration.  This  sometimes  imposes  limiting 
conditions  upon  the  instrument,  especially  in  the  case  of  measuring 
the  voltage  across  a  spark  gap  with  a  cathode  ray  oscillograph  under 
conditions  found  in  practice. 
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In  automotive  ignition  systems  the  capacitance  and  inductance  are 
low.  Measurements  made  on  aircraft  engines  showed  the  capacitance 
of  the  leads  to  vary  from  40  to  180  n^f.  On  radio-shielded  engines 
the  capacitance  is  usually  greater  than  this  and  has  been  found  to  be 
as  high  as  400  nni.  The  proximity  of  the  leads  to  the  engine  causes 
the  inductance  to  change  with  frequency.  At  high  frequencies  the 
iron  has  very  little  importance  and  computations  made  for  the  shorter 
leads,  disregarding  the  effect  of  iron,  showed  the  inductance  to  be  ap- 
proximately 1  ph. 

If  the  voltages  are  sufficiently  low  so  that  they  may  be  applied 
directly  to  the  deflection  plates  of  the  oscillograph,  the  latter  increases 
the  capacitance  of  the  circuit  by  approximately  20  npi.  If  a  short 
lead  is  used  from  the  magneto  to  the  spark  gap  the  combined  ca- 
pacitance of  the  circuit  need  not  exceed  40  ntf,  which  enables  the 
experimenter  to  set  up  a  test  circuit  which  is  a  sufficiently  close 
approximation  to  the  actual  circuit  as  regards  capacitance. 

If  the  voltage  is  too  high  to  be  applied  directly  to  the  deflection 
plates  a  voltage  divider  must  be  used.  In  a  study  of  magneto 
discharges  it  was  found  that  a  voltage  divider  was  required,  and  one 
was  designed  which  introduced  a  capacitance  of  20  ju/xf .  This  voltage 
divider  proved  unsatisfactory  and  the  present  investigation  was 
undertaken  to  study  various  possible  arrangements  and  to  determine 
which  would  be  the  most  suitable  for  measuring  the  voltage  character- 
istics of  magneto  spark  discharges. 

II.  GENERAL  REQUIREMENTS  FOR  A  VOLTAGE  DIVIDER 

The  oscillograph  records  the  difference  of  potential  between  the 
two  deflection  plates  at  any  instant.  In  order  that  the  voltage  re- 
corded by  the  oscillograph  shall  be  a  true  representation  of  the 
voltage  to  be  measured  it  is  necessary  that  the  following  conditions  be 
satisfied. 

1.  Introduction  of  the  voltage  divider  must  not  affect  materially 
the  character  of  the  circuit. 

2.  The  potential  difference  across  the  deflection  plates  must  at  every 
instant  be  proportional  to  that  across  the  divider,  and  the  ratio  must 
remain  constant  at  all  frequencies.  This  insures  that  the  two  potential 
differences  will  be  in  phase. 

3.  The  voltage  between  the  deflection  plates  and  ground  must  not 
be  sufficient  to  cause  a  breakdown  in  the  deflection  tube  or  introduce 
spurious  effects  on  the  cathode  beam. 

4.  There  must  be  no  natural  oscillation  in  any  part  of  the  voltage 
divider  which  will  produce  spurious  effects. 

In  the  following  discussion  these  requirements  will  be  referred  to 
by  number. 

III.  ANALYSIS  OF  VOLTAGE  DIVIDER  CHARACTERISTICS 

1.  CAPACITANCE  VOLTAGE  DIVIDER 

The  most  general  type  of  capacitance  voltage  divider  is  shown 
diagrammatic  ally  in  Figure  1.  Kef  erring  to  the  figure  let  A  and  A' 
be  two  points,  which  may  be  the  electroaes  of  a  sphere  gap  or  spark 
plug,  having  potentials  VA  and  V/  with  respect  to  ground.  Let  VB 
and  VB'  be  the  potentials  with  respect  to  ground  of  the  two  deflection 
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plates  as  indicated.  Let  ft  and  ft'  be  the  capacitances  of  the  two 
series  capacitors,  and  ft'  the  capacitance  of  the  capacitor  shunted 
across  the  deflection  plates  of  the  oscillograph.  The  capacitance  of 
these  plates  is  ft.  Let  ft  and  ft'  be  capacitances  to  ground,  which 
are  the  effective  capacitances  to  ground  of  the  portion  of  the  circuit 
metallically  connected  to  ft  and  ft',  respectively.  By  an  inspection 
of  Figure  1  equations  (1)  and  (2)  may  be  written 


(VA  -  VM)Ci  -  V.C2  +  (VM—  V.'KCt  +  ft') 
( V/  -  VB')G  =  V.'CJ  +  ( V/  -  V.)  (ft  +  ft') 


(1) 
(2) 


c. 


a 


— Q  


Figure  1. — Capacitance  voltage  divider  circuit 
Subtracting  (2)  from  (1)  an  expression  is  obtained  for 


o 

A' 


(3) 


In  a  similar  manner  an  expression  may  be  obtained  for  VB—VB' 
which  reduces  to 


(VA-  IV)[ftft'+gl^ 
F^*'""^C7+GK#^  (4) 


Equation  (4)  shows  that  the  deflection  which  corresponds  to  VB  —  VB 
will,  in  general,  depend  not  only  on  the  potential  difference  VA-V/ 

V  +  V  ' 

which  is  to  be  measured,  but  also  on  the  average  potential    A  ^ — — 

of  the  points  A  and  A'  above  ground.  This  latter  effect  can  be 
eliminated  by  adjusting  the  circuit  to  make 


ft  ft' 

crcx' 


(5) 
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When  this  adjustment  is  made  equations  (3)  and  (4)  may  be  written 

V.-V.'  1 


vA-v/  k 

where 


(6) 


i-[i  +  <ft+<y>  (<U£)+g] 


and  will  be  referred  to  as  the  reduction  factor.  Equation  (6)  shows  that 
if  the  capacitances  of  the  capacitors  are  independent  of  frequency 
the  voltage  divider  will  satisfy  the  second  general  requirement. 

The  method  of  adjustment  of  the  capacitors  to  satisfy  equation  (5) 
is  suggested  by  equations  (3)  and  (4),  for  if  the  potential  VA  is  made 
equal  to  VY,  there  must  be  no  deflection  of  the  cathode  beam.  This 
is  true  for  all  values  of  VA  =  V/  only  when  equation  (5)  is  satisfied. 

To  obtain  an  expression  for  V,  solve  equation  (1)  for  Va—  VY  and 
substitute  in  equation  (5).  This  gives 

v  =  VA  Cx  (Va-V/)(C9  +  C*')  ^  (7) 

G  +  G   (Cl  +  ft)[l  +  (ft  +  C/)(^  +  ^-/)+^J 

In  a  similar  manner  an  expression  is  obtained  for  V/  from  equations 
(2)  and  (5) 

y  ,  ,   *V  <?■'    |  (V.-V.')  «?,  +  <?,')   (8) 

c+c  (C,i,+ft,)^1  +  (ft+<,,)^+^+g;j 

Equations  (7)  and  (8)  give  the  potentials  of  the  two  deflection 
plates  to  ground  in  terms  of  the  applied  potential  to  ground  and  the 
electrical  constants  of  the  voltage  divider.  The  maximum  value 
which  VB  and  VB'  may  have  to  satisfy  the  third  requirement  depends 
upon  the  limitations  imposed  by  the  oscillograph.  For  this  reason 
they  must  be  estimated  or  determined  experimentally,  in  which  case, 

it  may  be  more  desirable  to  solve  equations  (7)  and  (8)  for  J  and 

respectively,  in  terms  of  ^+^\  This  solution  leads 

to  the  following  relations: 


AC  +  C)  (V.-V/)  ,  VV 
"4_ C,  V.     +  IV 


(9) 
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V? = l\j7' ~ (Ci + Ci,)  (it +  C?)~  2] 

4  M + ft'>'  (ci + + 2<ft + (i, + i?)v$ 

1/  + 1  (ft + ft'>  (v«-*v>,  tv* 
v       +i~c?  v. — +vt* 

If  the  maximum  potentials  VA,  VA\  VB  and  VB  are  known  approxi- 
mately, the  problem  is  to  determine  the  five  variable  capacitors  so  as 
to  obtain  the  desired  deflection  of  the  cathode  beam  ana  at  the  same 
time  satisfy  the  four  requirements.  Methods  of  making  calculations 
will  now  be  given,  and  to  simplify  the  presentation  four  cases  will 
be  considered  governed  by  the  maximum  potentials  of  VA  and  V/, 
and  a  fifth  case  pertaining  to  the  elimination  of  oscillations  in  the 
voltage  divider.  The  five  corresponding  circuits  will  be  designated 
hereafter  as  circuits  1,  2,  3,  4,  ana  5.  Tney  are  shown  diagrammati- 
cally  in  Figure  2. 

An  experimental  study  of  these  five  circuits  has  been  made  at  fre- 
quencies from  20  to  1 ,000  kc  per  second.  It  was  found  that  at  frequen- 
cies above  1,000  kc  care  must  be  taken  in  the  design  and  selection  of 
the  capacitors  and  that  the  drop  in  the  leads  from  the  source  to  the 
voltage  divider,  as  well  as  in  the  leads  in  the  voltage  divider  itself 
become  important.  It  was  also  found  that  resonance  occurred  in  the 
voltage  divider  when  voltage  at  104  kc  frequency  was  applied  across 
A  and  A' .  This  was  first  observed  when  sparking  occurred  across 
the  plates  of  the  capacitors  C\  and  C7/,  and  later  verified  by  connec- 
ting a  milliammeter  between  A  and  C\.  At  resonance  the  milliam- 
meter  indicated  a  large  current. 

To  eliminate  repetition,  certain  characteristics  of  the  circuits  in  the 
five  cases  are  given. 

1.  To  satisfy  requirement  1  the  maximum  capacitance  of  Cx  was 
taken  as  10  nnf. 

2.  The  cathode  beam  was  deflected  1  cm  at  the  photographic  plate 
for  each  250  volts  applied  to  the  horizontal  deflection  plates.  The 
maximum  deflection  which  can  be  measured  is  approximately  5.6  cm, 
so  that  VB  —  VB  must  not  be  greater  than  1,400  volts. 

3.  With  a  potential  difference  of  60,000  volts  applied  to  the  cathode 
tube  the  average  potential  gradient  between  cathode  and  anode  is 

-j^5  =  3,500  volts  per  centimeter.    The  distance  between  the  two 

pairs  of  deflection  plates  is  11  mm,  and  to  insure  against  appreciable 
leakage  from  one  pair  to  the  other  the  average  potential  gradient 
between  them  was  arbitrarily  limited  to  half  of  that  between  cathode 
and  anode.    The  potential  difference  between  the  pairs  of  deflection 

plates  was  accordingly  limited  to  —      x  1.1  =  1,925  volts.    Since  the 

maximum  potential  of  the  oscillator  plate  to  ground  may  be  ±  700 
volts  but  was  usually  500  volts,  the  greatest  potential  VB  or  VB 
should  have  is  1 ,925  —  500  =  1 ,425  volts.    This  is  also  the  potential 
of  VB  when  VB  =  0  and  the  deflection  of  the  cathode  beam  at  the 
photographic  plate  is  5.6  cm. 
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4.  The  capacitance  C%  in  this  treatment  signifies  the  capacitance  of 
the  circuit  metallically  connected  to  one  plate  of  the  capacitor  Q 
with  respect  to  the  circuit  metallically  connected  to  the  other  plate 
of  C3  with  C%  omitted.  The  capacitance  C%  was  estimated  to  be 
25  ntf. 


5.  The  capacitance  C2  signifies  the  capacitance  to  ground  of  the 
circuit  consisting  of  the  ungrounded  plate  of  C%  and  the  parts  metal- 
lically connected  to  it,  and  C%  has  the  corresponding  meaning.  It 
was  estimated  that  when  d  and  (?,'  had  their  maximum  values  of  10 


Digitized  by  Google 


aS^]    Voltage  Dividers  for  Cathode  Ray  Oscillographs  87 


nnf  each,  the  capacitances  designated  as  C2  and  £Y  would  not  be  less 
than  25  nnf  each,  even  though  the  capacitors  <72  and  CJ  were  removed. 

Circuit  1.  VA  and  V/  large. — Let  the  maximum  potential  of  A  be 
10,000  volts  and  suppose  that  at  the  same  instant  A'  has  a  maximum 
potential  of  6,000  volts.  To  simplify  the  problem  make  the  circuit 
symmetrical;  that  is,  Ci  =  Ci\  <?2  =  Cj' '. 

If  the  value  V^- V/ =  4,000  volts  be  substituted  in  equation  (6) 
it  is  found  that  in  order  to  obtain  a  deflection  of  the  cathode  beam 
corresponding  to  1,400  volts,  K  must  be  equal  to  2.86. 

It  does  not  follow  that  it  is  permissible  to  adjust  the  circuit  so 
that  K  shall  have  this  value,  and  it  is  found  that  with  this  value  of 
K,  it  is  not  possible  to  satisfy  the  third  requirement,  concerning  the 
maximum  potentials  of  VB  and  VB.  It  is  therefore  necessary  to  use 
a  larger  value  of  K\  that  is,  to  work  with  less  than  the  full  deflection 
of  the  cathode  beam. 

To  find  the  smallest  value  of  K  which  makes  it  possible  to  satisfy 
the  first  three  requirements  it  is  necessary  to  use  equation  (9).  Sub- 
stituting in  equation  (9)  the  values 

V^_10,000_7       Va-V/    10,000- 6,000 _9Sft  r_r, 
^~X400  ~714'       V,     =       "M00  2.86,01-0, 

Q  C*  +  Cs 

and  plotting  ^  versus  — ^—  the  curve  shown  at  (a)  in  Figure  3 

was  obtained.    From  this  curve  may  be  obtained  the  value  which 

C  C  +C ' 

j4  must  have  when    3  n  3  is  selected,  or  vice  versa,  in  order  that 
J  1 

VB  shall  be  equal  to  1,400  volts  when  VA  and  V/  have  their  maximum 
values.    If  K  is  computed  from  curve  (a)  and  the  value  plotted 
C  +  C ' 

versus  the  curve  shown  at  (6)  is  obtained.    This  curve  shows 

1  C  -\~  C ' 

that  the  smallest  value  of  K  is  obtained  when    *  ^  3  =0,  and  the 

value  of  K  increases  as  Q^p*-  increases.    To  make  as  small 

as  possible  C%  is  made  zero,  and  d  is  given  its  largest  value  of  10  nnL 

C  +  C ' 

C3  is  constant  and  equal  to  25  ntf  so  that  the  smallest  value  of  — ^  3 


is 


0  +  25    .  .     ™  ,  C 


2.5.    The  corresponding  value  of  ^»  curve  (a),  is  5.52, 

hence  C2  =  55.2  pp{  and  K=  11.52.  Substituting  this  value  of  K  in 
equation  (6),  V,— VY=347  volts,  which  is  the  maximum  possible 
potential  difference  across  the  deflection  plates  when  all  the  require- 
ments are  complied  with. 

Since  this  corresponds  to  a  deflection  of  less  than  2  cm  at  the 
photographic  plate  it  is  worth  while  to  consider  whether  this  deflection 
could  be  appreciably  increased  bv  removing  the  restrictions  on  the 
values  of  VB  and  VB'.  Plotting  V„  and  VB  as  given  by  equations  (7) 
and  (8)  with  Ci  as  the  independent  variable  the  two  curves  shown  at 
(a)  and  (6)  in  Figure  4  were  obtained.  Determining  VB—VB  from 
curves  (a)  and  (b)  for  a  number  of  values  of  C2,  the  curve  shown  at 
(c)  was  plotted.  This  curve  shows  that  with  the  value  Ci  =  <?,'  = 
10  MMf,  0,  +  C3'  =  25  nn(,  and  the  smallest  value  of  C2  =  CV  =  25  wi, 
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the  greatest  deflection  which  can  be  obtained  at  the  photographic 
plate  corresponds  to  450  volts  at  the  deflection  plates.  Curve  (a) 
shows  however  that  VB  would  be  2,500  volts,  and  since,  as  has  been 
mentioned  previously,  the  other  pair  of  deflection  plates  may  have  a 
potential  to  ground  of  opposite  sign  and  amounting  to  500  volts,  the 


potential  difference  between  the  pairs  of  plates  might  be  sufficient  to 
cause  a  discharge  to  take  place  between  them. 

The  manner  m  which  the  capacitors  Oi,  C\  %  and  may  be  varied 
to  increase  the  deflection  are  obvious  and  need  not  bo  further  con- 
sidered. 
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If  VA  becomes  negative  to  VA  the  greatest  voltage  which  may  be 
measured  is  K{V»—  k/)  - 11.5  X  1 ,400  =  16,100.  Thus,  if  the  absolute 
value  of  VA  is  not  greater  than  10,000  volts,  VA  may  have  any  abso- 
lute value  not  exceeding  6,100  volts.  Since  the  arrangement  is  sym- 
metrical the  absolute  potential  VA  may  be  10,000  volts  if  the  absolute 
potential  of  VA  does  not  exceed  6,100  volte. 

Circuit  2.  VA  large,  V/  =0. — If  computations  for  circuit  1  are  made 
for  VA=*  10,000  volts  and  V/  — 0,  instead  of  6,000  volte,  the  maximum 


potential  difference  across  the  deflection  plates  is  870.  With  the  data 
given  C%  may  be  determined  from  equation  (9).  Curves  (c)  and  (d) 
are  shown  in  Figure  3  with  V/^O,  so  that  a  comparison  may  be 
made  with  curves  (a)  and  (6)  which  were  calculated  with  VA— 6,000 
volts.  If  C2t  Ci  and  C3  +  C3'  are  given  their  smallest  capacitance, 
25  nnf  each,  and  Clf  C\  ,  their  largest  capacitance,  10  npf  each,^the 

greatest  potential  difference  VB  —  VB'  is  - ?7?f>£  -  975  volts.  In  order  to 
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get  a  greater  deflection  it  is  customary  to  make  C\  =  « .  Equation  (3) 
becomes 

Vt- TV-        +  *v[l  +     +  (11) 

and  since  V.'  -  V/  =  0 


(12) 


For  all  values  of  VB  other  than  zero  the  relation  expressed  by  (12) 
does  not  hold,  and  requirement  2  is  not  satisfied.  The  capacitance 
C%  +  C%  +  Czf  is  now  the  capacitance  of  VB  to  ground  and  may  be  de- 
noted by  C0.  Equation  (12)  may  be  written 


vrc?tCo  (13) 


and  the  capacitance 


Cn  —  C\ 


For  example,  if  Cx  is  limited  to  10  ppf  and  VB  =  1,400  volts  for  the 
maximum  deflection,  then  C0  =  61.4  nnf. 

Circuit  8.  VA  large,  VA  small. — Let  the  maximum  potential  differ- 
ence of  VA  —  VA'  =  10,000  volts,  where  VA  may  take  any  value  from  0 
to  1,000  volts.  Consider  two  possible  arrangements  of  circuit  2  desig- 
nated (a)  and  (6): 

(a)  In  this  arrangement  d  =  10  ^/xf,  <73  =  25  ju/*f,  CV=0  and  Ci  — 
Co -C3  =  61. 4 -25  =  36.4  nrf. 

(6)  In  this  arrangement  C%  =  25  npf,  which  is  the  capacitance  of  the 
leads  and  capacitor  plates  to  ground.  Ci  =  10  /x/if.  oince  £0  =  61.4, 
Cs  +  Ci'  =  61.4  -25  =  36.4  ntf. 

If  VA'±0,  equation  (12)  can  not  be  used.  Putting  C/  =  oo  in 
equation  (4)  the  following  relation  is  obtained  for  the  voltage  across 
the  deflection  plates. 

V'    Vb         Cx  +  C2  +  C*  +  C%' 

If  the  potentials  to  ground  shown  in  columns  1  and  2  of  Table  1 
for  VA  and  VA  are  substituted  in  equation  (15),  values  for  VB  and 
VB-  VB  are  obtained  for  the  two  arrangements. 

Table  1 


vA 

VA'»VB' 

(a) 

(6) 

Vt 

r.-vv 

VB 

Vb-Vb> 

10,000 

0 

1,400 

1,400 

1,400 

1,400 

10,200 

200 

1,490 

1,260 

1,530 

1,330 

10,  4<» 

400 

1,500 

1, 190 

1,660 

1,200 

10,600 

600 

1,6*0 

1,090 

1.790 

1, 190 

10.S00 

XOO 

1,790 

WO 

1.920 

1, 120 

11.000 

1.000 

1.800 

890 

2,060 

1,050 
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These  computations  show  that  unless  VA  remains  at  ground 
potential  the  deflection  is  not  proportional  to  the  applied  potential 
difference. 

When  the  magneto  is  used  as  a  source  of  voltage  VA  is  usually 
small  compared  to  VA  until  the  spark  gap  breaks  down.  If  peak- 
voltage  measurements  are  to  be  made  the  capacitance  C\  may  be 

Q      Q  ' 

made  large  in  which  case  C%  is  also  increased  so  that  q  =  ^p.  Table 

2  gives  the  values  for  VB  and  VB—  VB'  using  circuit  1  with  the  follow- 
ing capacitances. 

(c)  <7,  =  <?i'  =  10  fini,  Q-/V-44.3  ntf,  <?,  =  25  ntf  and  Cz'  =  0, 
which  are  the  same  values  given  in  circuit  2. 

{d)  d  =  10  utiif  ^'=60  MMf,  C2  =  38.5  ittf,  <7/  =  231  wf,  C3  =  25 
ntdi  and  C3'  =  0. 

Table  2 


vA 

(0 

(<*) 

10,000 
11,000 

0 

1.000 

1,400 
1,680 

960 
060 

1.400 
1,600 

1.290 
1.290 

In  both  (c)  and  (d)  the  deflection  is  proportional  to  the  applied 
potential  difference.  At  low  frequencies,  arrangement  (d)  is  superior 
to  arrangement  (c).    At  high  frequencies  the  large  capacitance  of  CV, 

C '  X  C ' 

C%  to  ground  which  is  ~jr+(2~  will  allow  large  currents  to  flow  and 

the  drop  in  the  leads  from  A'  to  C\  and  Cxf  to  <?2'  will  affect  the  voltage 
across  the  deflection  plates.  At  frequencies  not  greater  than  10 3  kc 
this  should  not  be  serious  when  V/  is  small.  This  circuit  can  be  used 
to  advantage  when  it  is  uncertain  as  to  whether  or  not  V/  remains  at 
zero  potential. 

Circuit  4-  VA  and  V/  both  small. — When  VA  and  VA  are  both  small, 
but  VA—VA  exceeds  1,400  volts,  the  capacitances  C2  and  C2'  are  made 
as  small  as  practicable  by  omitting  the  two  capacitors  C%  and  C2 '. 

Substituting  in  equation  (8)  the  limiting  values  previously  men- 
tioned =  67  =  10  /x/xf,  C2  =  <?,'  =  25  ufA,  and  (7, +  <?,'  =  25  tint, 
V  —  V  ' 

y^ITpr-/-8 1/8,  which  is  the  largest  value  ljK  may  have  with  this 

arrangement  under  the  conditions  specified.    If  C\  and  C\  are  in- 

C  C '  /  1      1  \ 

creased,  and  (C,  +  Ca')  (  Q+Jy)  become  less,  and  l/K  in- 

creases. Roeowski,  Wolff,  and  Klemperer 1  have  described  this  cir- 
cuit for  which  the  capacitances  of  Ci,  (C3  +  C3'),  and  C\  are  much 
greater. 

Circuit  5.  Aperiodic  voltage  divider  circuit. — If  the  voltage  divider  is 
used  to  measure  spark  discharges,  oscillations  may  be  expected  in  any 
R2  /  1 

circuit  where  ^\Y(f  Such  oscillations  were  present  and  the  cir- 

JRogowjki  Wolff,  and  Klemperer:  "Die  8pannungstellen  Kathodenosrillograpnen."  Archlv  fQr  Elek- 
rotechnik,  vol.  23,  p.  579,  1929-30. 
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cuit  was  made  aperiodic  by  inserting  resistors  at  (a)  and  (a'),  (fig.  1 


or  2)  so  as  to  make 


1 


'  where  L  is  the  inductance  of  the  lead 


4D/W 

C\Ci,  and  C  the  smaller  of  the  two  capacitances  Ct  and  <73.  In  this 
manner  requirement  4  is  satisfied. 
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2.  RESISTANCE  VOLTAGE  DIVIDERS 

The  resistance  voltage  divider  arrangement  is  shown  in  Figure  5. 
At  low  frequencies  the  impedance  of  the  deflection  plates  is  so  high 
compared  with  that  of  the  portion  Rt  of  the  voltage  divider  that  only 
a  small  part  of  the  current  is  shunted  to  the  plates,  so  that  the  ratio 
of  the  voltage  to  be  measured  to  that  across  the  deflection  plates  is 
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independent  of  frequency.  The  difference  in  phase  between  the  two 
is  also  small.  Computations  which  follow  show  that  in  order  to  keep 
the  reduction  ratio  constant  as  the  frequency  is  increased,  resistance 
of  the  divider  must  be  decreased,  and  at  frequencies  found  in  spark 
discharges  a  suitable  resistance  would  be  so  low  as  to  prevent  a  spark 
passing  across  the  gap.  If  the  resistance  has  a  small  capacitance  and 
inductance  the  relation  becomes  more  complicated.  When  grid  leaks 
are  used  for  resistance  the  inductance  is  small,  whereas  the  capaci- 
tance across  the  grid  leaks  when  supported  in  holders  becomes  impor- 
tant at  high  frequencies.  Neglecting  the  inductance  of  the  resistors 
and  their  capacitance  to  ground,  an  equation  showing  the  relation 
between  the  voltage  applied  to  the  divider  and  the  voltage  across  the 
deflection  plates  may  be  determined  in  terms  of  the  resistance  and 
capacitance  of  each  portion  of  the  voltage  divider. 

Let  Ri  and  R2  designate  the  resistances  of  the  resistors  shown  in 
the  diagram  of  Figure  5,  and  let  C\  represent  the  capacitance  of  the 
resistor  Rlt  and  C2  the  combined  capacitance  of  the  resistor  R2  and  the 
oscillograph  deflection  plates.  The  impedance  of  each  branch  may 
be  written 

where  <a  is  2  t  times  the  frequency  ij  andj  =  V  —  1.  The  total  impedance 
for  the  circuit  is 

#i       ,  R2 


* 

and  since  E=IZ,  where  E  is  the  voltage  across  the  divider  and  /  the 
current,  the  relation  becomes 

R\         ,  ^2 

E    1 l+jo><72#2 

ET   ft  

1  +j<»CtR2 

which  reduces  to 


ft 

E 


/rft  (1  WffQftft)    t  r*>ft  «?2ft-<?,ft)T 

II   ftU+udft3)       J    L  R2(l+u>C1Rl2)  J 


(16) 


which  expresses  the  relation  between  the  voltage  across  the  deflection 
plates  and  that  applied  to  the  voltage  divider. 

If  the  resistance  has  no  capacitance  Ci  =  0  and  equation  (16) 
reduces  to 

*"  1  (17) 


V[S+i]a+[wCa/?i]i 


If  CxR\  =  C2R2f  equation  (16)  becomes  independent  of  frequency 
since  it  reduces  to 
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J? 

These  equations  show  that  whether  ^  will  increase,  decrease,  or 

not  change  with  frequency  depends  upon  the  values  of  Ru  R2,  Cx  and 

C2.    Putting  r  =  S^-1.     =  8  X  10*  ohms,  R2  =  2  X  10s  ohms,  C2  =  20  mm/, 

and  assigning  to  Ci  the  values  of  0,  5,  and  10  nnj  so  that  r  takes  the 
corresponding  values  of  0,  1,  and  2  the  curves  shown  in  Figure  5 
were  obtained.  In  these  curves  (a)  was  plotted  from  equation  (17), 
showing  that  the  ratio  decreases  very  rapidly  with  increase  m  frequency. 

As  a  increases  without  limit  ^  approaches  0.    Curve  (6)  is  a  plot  of 

equation  (18)  which  shows  that  the  voltage  divider  is  independent 
of  frequency  when  r=l.    Curve  (c)  is  a  plot  of  equation  (16)  and 

J? 

shows  that  the  ratio      increases  with  an  increase  in  w.    As  w 

approaches  00 ,  ^  approaches  the  limiting  value  gr^gr- 

If  the  capacitance  Cx  is  assumed  to  be  so  small  it  may  be  neglected, 

computations  from  equation  (17)  show  that  in  order  that  -^  =  0.2 

shall  not  diminish  by  more  than  5  per  cent  (or  not  be  less  than  0.19), 
^CRS  must  not  be  greater  than  2.56.    Since  C2  =  20X  lO"12/  (which 

1022 

includes  the  leads  as  well  as  the  deflection  plates),  w2/?i2  =  2.56  <-^- 

1  o7        fiiy  in21 
=  6.4X10".    If  «=107  or  n=2^,/?,2=     1014  "  =  6-4xl°7-  Therc- 
fore,  #!  =  8,000  ohms,  R2  =  2,000  ohms  and  i?i  +  R2  =  10,000  ohms, 
wliich  is  the  maximum  resistance  which  may  be  used  at  a  frequency 
107 

of      or  approximately  1 ,600  kc.    Such  a  resistance  across  the  gap 

would  prevent  sparking.  Silsbee2  has  shown  that  a  resistance  of 
5x  10*  ohms  is  so  low  as  to  seriously  affect  the  character  of  the  dis- 
charge and  might  actually  prevent  the  occurrence  of  a  spark.  For 
high-compression  engines  such  as  are  in  use  to-day  the  resistance  must 
be  much  greater  than  this.  Such  low  resistances  are  objectionable  in 
this  work  because  thev  affect  the  character  of  the  spark.  At  times  it 
may  happen  that  fouling  of  plugs  will  reduce  the  resistance  across  a 
spark  plug  to  5  X  10*  ohms,  but  this  is  a  special  condition,  and  while 
an  interesting  one,  should  not  be  a  limiting  condition  of  the  problem. 

The  remainder  of  this  report  is  devoted  to  an  experimental  study 
of  the  theory  developed  in  this  and  the  preceding  sections,  together 
with  a  discussion  of  oscillograph  technique  and  the  calibration  of  the 
voltage  divider. 

IV.  DESCRIPTION  OF  APPARATUS 

The  cathode  ray  oscillograph  was  of  the  high-voltage  cold-cathode 
type.  The  cathode  was  operated  at  approximately  60,000  volts,  the 
supply  being  the  secondary  of  a  high  tension  transformer.  The 
primary  was  connected  through  rotary  switches  to  a  60-cycle  110-volt 

»  Silsbee,  N.  A.  C.  A.  Report  No.  241,  Electrical  Characteristics  of  Spark  Generators  for  Automotive 
Ignition,  p.  27. 
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supply,  the  switches  being  operated  by  a  synchronous  motor  driven 
from  the  same  source.  The  switches  were  constructed  so  that  the 
60,000  volts  was  applied  to  the  cathode  on  the  negative  half  cycle, 
either  once  in  20  cycles  or  once  in  100  cycles.  For  the  present 
investigation  the  slower  rate  of  excitation  was  used. 

The  cathode  tube  (ED,  fig.  6)  was  modified  so  thai  the  cathode 
could  be  removed  and  polished.  This  was  made  possible  by  fusing 
the  tungsten  rod  supporting  the  cathode  to  the  movable  portion  of 
the  ground  joint  as  shown  in  the  figure.  The  diaphragm  D  was 
mounted  in  the  glass  tube  so  that  both  the  cathode  and  diaphragm 
moved  together. 

The  deflection  tube  has  two  pairs  of  deflection  plates,  one  pair 
horizontal  and  the  other  pair  vertical.  They  are  shown  at  A  and  B 
in  Figure  6.  C  is  a  coil  which  produces  a  magnetic  field  deflecting 
the  cathode  beam  in  a  horizontal  direction.  If  observations  are  to 
be  made  at  low  frequencies  the  voltage  is  applied  to  plates  A,  producing 
a  vertical  deflection.  If,  at  the  same  time,  the  cathode  beam  is  swept 
across  the  field  by  the  magnetic  sweep  C,  a  record  is  obtained  which 


-£5 


A"  HtUo»U/  P/atm* 
B+Vmrticmt  />/mt*j 

Figure  6. — Diagram  of  cathode  ray  oscillograph 

shows  the  variation  with  time  of  the  voltage  across  the  deflection 
plates.  An  oscillator  with  a  range  of  20  to  1,000  kc  was  supplied 
with  the  oscillograph.  If  this  oscillator  is  connected  to  plates  A  and 
the  sweep  actuated,  a  sine  wave  is  obtained.  For  high  frequencies 
the  voltage  to  be  measured  is  connected  to  plates  B,  and  superimposes 
upon  the  sine  wave  a  horizontal  deflection  proportional  to  the  voltage 
across  the  plates.    The  sine  wave  then  gives  the  time  coordinate. 

With  60,000  volts  applied  to  the  cathode  the  deflection  of  the  beam 
at  the  photographic  plate  is  approximately  1  cm  for  each  250  volts 
applied  to  the  horizontal  deflection  plates.  The  maximum  cathode 
beam  deflection  which  can  be  photographed  is  5.6  cm,  thus  limiting 
the  useful  voltage  across  the  deflection  plates  to  about  1,400. 

The  longest  time  required  to  sweep  the  beam  across  the  photographic 
plate  is  1,200  microseconds,  and  when  necessary  a  faster  sweep  is  used. 
If  the  spark  discharge  is  to  be  photographed  in  the  center  oi  the  film 
the  magneto  has  to  be  timed  accurately.  This  is  accomplished  by 
driving  the  magneto  with  the  synchronous  motor  through  a  set  of  gears. 
Adjustment  of  the  gears  allows  for  approximate  timing,  and  the  final 
adjustment  is  made  with  the  timing  device  on  the  magneto.  The 
magneto  is  radio  shielded  and  was  designed  for  use  with  12-cylinder 
aircraft  engines. 

122486—32  7 
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Figure  7  is  a  photograph  showing  the  arrangement  of  the  five 
capacitors  Ci}  C7,  C2f  C2  ,  and  <73'.  Ux  and  &'  are  two  high-voltage 
radio  transmitting  capacitors.  The  range  of  capacitance  is  from 
10  to  80  nni.  C2  and  C2'  are  two  high- voltage  radio  transmitting 
capacitors  having  a  range  of  capacitance  from  40  to  300  mm1-  Since 
the  maximum  voltage  across  C2  and  C2  is  1 ,400,  it  is  not  necessary  to 
use  high -voltage  capacitors.  It  is  necessary  to  keep  the  leakage  of 
the  portion  of  the  circuit  called  C2  and  C2  m  Section  III  small,  and 
this  requires  that  the  capacitors  in  the  circuit  have  a  high  insulation 
resistance.  Since  the  high-voltage  capacitors  had  a  much  higher 
insulation  resistance  than  the  low- voltage  capacitors  which  were 
available,  the  former  were  used.  C%  was  made  by  removing  alternate 
plates  from  a  low-voltage  capacitor  and  supporting  as  shown  in  the 
photograph.    The  range  of  capacitance  was  10  to  80  nyi. 

To  further  reduce  leakage  the  bakelite  binding  posts  were  removed 
and  the  lead  wires  brought  to  the  oscillograph  through  1-inch  holes 
in  the  case.  This  at  first  seemed  an  unnecessary  precaution,  but  it 
was  found  that  the  resistance  of  the  binding  posts  to  ground  was  much 
less  than  that  of  the  remainder  of  the  insulated  circuit.  In  magneto 
discharges  a  small  potential  difference  remains  across  the  gap  between 
discharges,  and  although  the  discharges  alternate  in  sign,  this  addi- 
tional leakage  through  the  binding  posts  was  sufficient  to  noticeably 
affect  the  results. 

The  five  circuits  may  be  obtained  by  simply  removing  or  short 
circuiting  the  necessary  capacitors.  In  circuit  5  the  resistors  are 
inserted  at  (a)  and  (a'). 

The  leads  shown  at  AD  and  A'T>'  should  be  fixed  when  the  voltage 
divider  is  adjusted  so  that  they  will  not  be  disturbed  while  making 
measurements.  Changing  the  position  of  the  leads  will  unbalance 
the  circuit  and  the  results  will  be  misleading.  The  method  of  balanc- 
ing has  been  mentioned  under  Section  III,  and  will  be  further 
discussed  in  Section  V. 

Figure  8  is  a  sketch  of  another  arrangement  used  for  circuit  3.  The 
brass  cylinder  B  was  threaded  and  screwed  to  the  binding  post 
protruding  through  the  bakelite  bushing  BH.  This  bushing  passed 
through  the  case  of  the  oscillograph.  A  is  another  brass  cylinder 
larger  than  B,  and  the  capacitance  between  A  and  B  was  changed 


ground  through  BH  is  objectionable  for  reasons  previously  given. 

A  better  arrangement  is  to  place  the  brass  cylinder  B,  together 
with  the  other  parts  of  the  capacitor  inside  of  the  oscillograph  case. 
The  small  leakage  through  the  bakelite  bushing  will  cause  very  little 
change  in  the  spark  discharge. 

The  resistance  type  of  voltage  divider  was  made  of  a  number  of 
resistances  connected  in  series.  The  advantage  of  using  a  number  of 
low  resistances  in  series  rather  than  a  single  high  resistance  is  that  a 
breakdown  is  less  likely  to  occur  and  the  capacitance  of  the  unit  is 
less,  provided  the  same  type  is  used  for  both  the  high  and  low  resist- 
ance. However,  this  increases  the  capacitance  to  ground.  This 
capacitance  to  ground  may  be  reduced  by  suspending  the  resistors 
away  from  all  metal  by  means  of  silk  threads. 

The  spark  gap  used  in  most  of  the  preliminary  work  consisted  of 
two  spheres  in  air.    The  spheres  were  2  cm  in  diameter  with  a  screw 


Digitized  by  Google 


B.  S.  Journal  of  Research.  RP4&0 


Figure  7. — Arrangement  of  capacitors  for  voltage  dander 


Figure  9  Figure  10  Figure  11 

Oscillograms  showing  effect  of  unbalanced  voltage  divider. 
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in    CO  i   at    75    pounds  pressure 
Figure  13.— Slope  {eireuii  J) 

of  traces  shows  the 
reduction  ratio  of 
circuit  4  M  the 
same  at  20  and 
IfiOO  kc 


Figure  15. — a',  Magneto  spark  discharges  in 
CO i  at  15  pounds  pressure;  b't  circuit  arrange- 
ment used  in  obtaining  oscillogram 


mTJdln™]     Voltage  Dividers  for  Cathode  Ray  Oscillographs  97 


adjustment  to  change  the  gap  opening.  Later,  measurements  were 
made  using  an  aviation  spark  plug  in  an  atmosphere  of  COa  at  pres- 
sures of  15,  75,  and  135  lbs.^.  (absolute).  The  spark  plug  was 
screwed  into  the  end  of  a  brass  cylinder  about  4  inches  long  and  2 
inches  in  diameter  which  was  provided  with  a  quartz  window  for  the 
purpose  of  observing  the  spark. 

Measurements  of  the  high  voltages  used  in  calibrating  the  oscillo- 
graph were  made  with  an  electrostatic  voltmeter  having  a  range  of 
0  to  10  kv.  A  kenotron  with  an  upper  range  of  30,000  volts  was 
placed  in  series  with  the  spark  gap  and  voltmeter  to  ground. 


Figure  8. — Arrangement  for  circuit  8 

V.  EXPERIMENTAL  RESULTS  WITH  CIRCUITS  1  TO  5 

1.   METHOD  OF   BALANCING   VOLTAGE   DIVIDER  TO  SATISFY 

EQUATION  (5) 

Before  oscillograms  showing  the  variation  in  voltage  are  taken  it  is 
necessary  to  balance  the  capacitance  voltage  divider  as  previously 

C    C ' 

explained,  so  that  the  condition     =  ^  is  satisfied.   Since  the  method 

of  balancing  is  the  same  for  circuits  1,  3,  4,  and  5  only  one  set  of 
oscillograms  showing  the  circuit  unbalanced  and  balanced  will  be 
given. 

With  the  two  lead  wires  from  the  divider  (fig.  1)  connected  to  the 
insulated  side  of  the  sphere  gap,  and  the  horizontal  deflection  plates 
in  use,  the  oscillogram  shown  in  Figure  9  was  obtained  for  circuit  4. 
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For  correct  adjustment  of  the  position  of  the  tube  there  would  be  no 
overlap  of  the  beam  as  shown  at  (a,  b).  This  adjustment  will  be 
discussed  later. 

Figure  10  is  an  oscillogram  showing  the  apparent  difference  in 
potential  between  the  two  lead  wires  when  Cx  is  considerably  greater 

C    C ' 

than  C\,  Figure  11  shows  the  result  when  the  condition  £»2=={T7  is 
satisfied. 

It  will  be  understood  that  subsequent  oscillograms  pertaining  to 
these  four  circuits  were  taken  after  the  circuits  had  been  balanced. 
It  is  not  necessary  to  balance  circuit  2. 

2.   EXPERIMENTAL   VERIFICATION   OF   REQUIREMENT    2  AND 

EQUATION  (6) 

Requirement  2,  which  is  expressed  by  equation  (6),  states  that  if 
the  voltage  divider  is  balanced  and  a  potential  difference  is  applied 
to  the  leads  A  and  A'  (fig.  1)  a  plot  of  peak  voltage  versus  cathode 
beam  deflection  should  give  a  straight  line  passing  through  the  origin. 
This  is  shown  to  be  the  case  for  circuits  1,  3,  4,  and  5  by  the  straight 
lines  shown  in  Figure  12,  at  (a),  (6),  (c),  and  (d),  respectively.  These 
lines  were  obtained  by  applying  a  known  potential  difference  to  the 
terminals  of  the  voltage  divider  and  measuring  the  deflection.  The 
voltage  was  supplied  by  the  magneto  over  a  range  of  2,000  to  10,000 
at  a  frequency  of  about  20  kc.  The  details  as  to  the  manner  of  making 
the  calibration  will  be  given  in  Section  VIII. 

Equipment  was  not  available  to  extend  the  measurements  of 
Figure  12  to  higher  frequencies,  but  it  was  possible  to  determine 
that  the  ratio  of  the  voltages  was  constant  in  this  range  by  the  use 
of  the  oscillator.    The  procedure  follows: 

The  leads  from  the  oscillator  were  connected  to  the  horizontal 
plates,  to  give  a  vertical  deflection.  Another  pair  of  leads  was  con- 
nected from  the  oscillator  to  the  voltage  divider,  the  divided  voltage 
being  applied  to  the  vertical  deflection  plates  so  as  to  produce  a 
horizontal  deflection.  If  the  ratio  of  the  applied  voltage  to  the 
reduced  voltage  is  constant,  the  trace  of  the  cathode  beam  must  be 
a  straight  line.  If  the  ratio  is  to  be  independent  of  frequency  the 
slope  of  the  line  must  not  change  with  frequency.  In  Figure  13  are 
shown  two  traces  of  the  cathode  beam.  The  straight  line  (a)  was 
photographed  at  20  kc.  and  (6)  was  photographed  at  1,000  kc.  As 
closely  as  measurements  can  be  made  these  lines  are  parallel.  These 
traces  were  photographed  with  circuit  4,  but  similar  results  were 
obtained  for  circuits  1,  3,  and  5.   Circuit  2  was  not  tested. 

In  each  of  these  four  circuits,  Ci  and  C\  were  selected  so  that  the 
voltdge  divider  did  not  materially  change  the  characteristics  of  the 
circuit  (requirement  1).  Figures  12  and  13  show  that  the  deflections 
of  the  cathode  beam  are  proportional  to  the  applied  voltage  and  that 
this  proportionally  does  not  change  with  frequency  (requirement  2). 
By  proper  selection  of  Ca  and  (%'  the  potentials  of  the  deflection 
plates  to  ground  were  kept  within  the  required  limits  (requirement 
3).  The  absence  of  oscillations  in  the  circuit  (requirement  4)  may 
best  be  determined  by  examining  oscillograms  of  the  spark  discharge. 
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3.  OSCILLOGRAMS  SHOWING  THE  VARIATION  OF  VOLTAGE  IN  MAG- 
NETO SPARK  DISCHARGES 

In  Figure  12  straight  lines  were  drawn  showing  the  relation  between 
Va—Va'  and  the  corresponding  deflection  of  the  cathode  beam. 
These  calibrations  were  made  before  the  oscillograms  shown  in  the 


remainder  of  this  3ectioh  were  -taken.  •'  For:  this*  reason  values  of  K 
computed  from  Figure  12  may  not  agree  with  those  which  follow, 
since  in  the  latter  tiaay  were  selected  bo  ae  to  give  a  large  deflection 
when  the  spar^  discharge,  took  place*  at  a  .presnu^o  of  135  pounds. 
With  this  setting  of  the  capacitors,  oscillograms  were  taken  with 
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circuits  1,  3,  4,  and  5,  to  show  the  variation  of  voltage  across  a  spark 
plug  in  CO*  gas  during  discharge.  Pressures  of  15,  75,  and  135 
pounds  were  used.  All  pressures  are  expressed  in  pounds  per  square 
inch  absolute.  The  oscillograms  for  circuit  2  were  taken  with  the 
spark  plug  in  COa  gas  at  15  pounds  pressure  as  well  as  with  a  sphere 
gap  in  air  at  atmospheric  pressure. 

In  the  case  of  circuit  4  the  capacitors  were  purposely  selected  so 
that  VB  was  greater  than  1,400  volts  at  the  higher  pressures.  This 
was  done  to  show  the  necessity  of  keeping  VB  small. 

Throughout  this  section  only  representative  oscillograms  are  given 
for  each  circuit.  It  will  be  understood  that  for  oscillograms  similar 
to  that  shown  in  Figure  14  the  magnetic  sweep  provides  the  time 
coordinate.  For  oscillograms  similar  to  that  shown  in  Figure  17 
the  oscillator  provides  the  time  coordinate. 

Circuit  1. — The  approximate  capacitances  of  the  six  capacitors 
follow : 

C,  =  C\'  =  10  /i/xf,  C2  =  C2'  =  65  fifif,  <?3=15  nnt  (this  was  found  bv 
measurement  to  be  nearer  the  true  capacitance  than  25  puf,  whicn 
was  assumed  in  the  computations),  (7a'  =  10  /x/xf- 

Figure  14  is  an  oscillogram  showing  a  spark  discharge  in  C02  at  a 
pressure  of  75  pounds.  This  figure  shows  traces  of  the  cathode  beam 
below  the  sweep  line  which  correspond  to  a  potential  of  more  than 
twice  the  breakdown  voltage  of  the  gap.  Tnese  traces  are  due  to 
oscillations  in  the  potential  divider.  From  this  it  follows  that  cir- 
cuit 1  does  not  satisfy  requirement  4. 

Circuit  2. — (a)  With  the  arrangement  shown  in  Figure  2,  circuit  2, 
the  capacitances  of  the  six  capacitors  were  approximately  Cx  =  10  wi , 
d  =  co,  C2  =  25  fxtf,  C2'  =  15  MMf,  C3=15  nnf,  &'=0.  Since  C2'  is 
small  the  voltage  drop  between  V/  and  the  deflection  plate  may  be 
neglected. 

In  Figure  15,  {a')  is  an  oscillogram  taken  with  circuit  2  to  show  the 
variation  in  voltage  across  a  spark  plug  in  C02  gas  at  15  pounds  pres- 
sure using  the  arrangement  shown  at  (6').  The  capacitor  C  shunted 
across  the  spark  plug  and  the  inductances  Lu  L3,  and  Lx  had  a  capaci- 
tance of  2,800  nnf.  The  inductances  designated  by  Lx  and  Lx  repre- 
sent the  inductance  of  the  leads  in  the  parts  of  the  circuit  indicated. 
The  inductance  of  each  Lx  and  Lx'  was  approximately  1  iih.  I*  was  a 
coil  having  an  inductance  of  3  nh. 

This  oscillogram  was  taken  with  the  horizontal  deflection  plates 
connected  to  the  voltage  divider.  At  (a)  the  voltage  began  to  in- 
crease and  continued  to  increase  until  it  reached  (a7),  wnere  a  discharge 
took  place  across  the  spark  plug.  During  the  discharge  the  voltage 
drop  across  the  spark  plug  should  be  small  because  the  resistance  of 
the  gap  is  small.  The  fainter  traces  at  (x',  y')  etc.,  indicate  a  voltage 
drop  across  the  plug  much  greater  than  the  breakdown  voltage  of 
the  gap.    An  explanation  of  these  large  deflections  follows. 

If  during  the  discharge  VA-VA'  is  small  the  traces  shown  by 
(x't  y')  etc.,  can  not  come  from  the  voltage  drop  across  the  spark  gap, 
and  should,  therefore,  appear  if  both  leads  of  the  voltage  divider  are 
connected  to  the  same  side  of  the 'spark  gap*.*  Figure  16  (£')  shows 
diagrammatically  the  .circuit  arrangement  used  in 'obtaining  the  oscil- 
logram shown  in  Figure  16  fa').  The  traces  (a:',  y')  etc.,  are  present, 
and  while  measurements  show  that  they  are  .slightly  larger  in  Figure  15 
(a')  than  in  Figure  16  (g')  this  is  to  be  expected  because  in  the  first 
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case  VA  differs  by  a  small  amount  from  VA  and  in  the  second  VA**VA\ 
That  this  is  so  becomes  apparent  from  equation  (15), 

for  if  VA  =  VA  the  voltage  V#—  V/  across  the  deflection  plates  will  be 
greater  or  less  than 

which  is  the  value  resulting  from  equation  (15)  when  VA  =  VA  . 

An  inspection  of  the  circuit  diagram  shows  that  during  the  dis- 
charge of  the  capacitor  C,  the  drop  in  (L/  +  1*)  will  make  V/  different 
from  ground  potential.  VA  has  been  measured  and  found  to  be  2,300 
volts.  Substituting  this  value  of  VA  in  equation  (15)  for  the  circuit 
arrangement  shown  in  Figure  16  (6') 

V     y>         -V/ft       _ -2,300  X25  t  , 

This  corresponds  to  a  deflection  of  ~2^T™4-6  cm'  wn*cn 

with  the  measured  value  of  4.7  cm  for  {y').  The  measured  length  of 
(a:')  is  4.5  cm. 

The  faint  trace  (x,  y)  is  attributed  to  conditions  arising  from  the 
breakdown  of  the  gap  in  the  distributor.  Figure  15  (a')  shows  that 
when  the  gap  breaks  down  the  potential  of  the  circuit  increases  so 
rapidly  that  the  cathode  beam  leaves  only  a  faint  trace.  This  is 
shown  by  the  separation  at  (a).  This  sudden  application  of  voltage 
causes  an  appreciable  difference  of  potential  between  ground  and 
V/.  The  measured  deflection  of  the  cathode  beam  is  2.0  cm  (fig.  16 
(a')),  which  corresponds  to  a  voltage  across  the  deflection  plates  of 

—  V  X  25 

2.0X250  =  500.    Substituting  in  equation  (15),  500  =  — —  or 

V/  —  — 1,000  volts  at  the  instant  the  distributor  gap  breaks  down. 

Figure  16  (a')  shows  that  (a,  d)  is  horizontal,  and  indicates  that 
VA  is  zero  before  the  spark  gap  breaks  down.  Equation  (12)  may 
then  be  used  to  compute  VA-  VA  from  Figure  15  (&')• 

Figure  17  is  an  oscillogram  showing  the  traces  (x',  y')  etc.,  spread 
out  to  show  the  nature  of  the  oscillations.  The  oscillator  operating 
at  20  kc  was  used  to  provide  a  time  coordinate.  The  oscillogram  was 
taken  by  connecting  the  deflection  plates  directly  across  a  small  por- 
tion of  the  lead  L\  .  The  average  frequency  obtained  from  measure- 
ments made  on  this  and  similar  oscillograms  was  1 . 1  X  1 0s  kc.  Neglect- 
ing the  effect  of  the  magneto  the  computed  frequency  of  the  circuit 

(C,  VAt  VA',  Irs,  Lx)  is  77  =  1  108 


2xV<?(£i  +  U  +  U)    6.28V28  X  5 
=  1.25X  103  kc 

which  agrees  with  the  measured  value  since  the  inductors  Lu  L\ \ 
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and  1^  were  only  approximately  determined.  The  maximum  current 
in  the  circuit  is 

7    xr  /         O  „  f\(\(\  /2,800X1013 

I=EyJ(L^L^urSl000^5xio-  =71  amperes 

where  £  is  taken  as  3,000  volts,  since  it  is  the  peak  potential  difference 
across  the  spark  plug. 

The  drop  in  voltage  between  (g)  and  A/  using  the  computed 
frequency  (since  the  computed  current  was  also  used)  is 

V/  -V,  =  u)LI  =  2x  X  1 .25  X  106  X  4  X  10_<5  X  71  =2,230  volts 

which  agrees  with  the  measured  value  of  2,300  volts  if  (g)  is  assumed 
to  be  at  ground  potential. 

It  may  be  well  to  mention  at  this  time  that  the  portion  of  the 
circuit  shown  grounded,  is  the  magneto.  During  the  discharge  of  the 
capacitor  the  magneto  base  may  not  remain  at  ground  potential 
although  grounded  to  a  water  pipe  with  a  copper  strip.  This  depar- 
ture from  ground  potential  becomes  more  pronounced  as  the  capacit- 
ance and  inductance  of  the  circuit  are  decreased.  With  circuit 
constants  sufficiently  small,  so  that  ij  —  104  kc,  the  maximum  potential 
of  the  magneto  to  ground  was  found  to  be  750  volts.  No  measure- 
ments were  made  of  the  potential  difference  between  the  magneto 
base  and  ground,  or  between  (g)  and  ground,  with  the  circuit  shown 
in  Figures  15  (6')  and  16  (ft').  At  this  relatively  low  frequency. 
1.25  X103  kc,  the  drop  in  voltage  between  the  magneto  base  and 
ground,  or  (g)  and  ground  would  be  much  less. 

If  better  agreement  were  desired  between  the  computed  and 
measured  values  of  VA'f  the  potential  of  (g)  to  ground  would  have 
to  be  determined  and  the  result  added  to  2,230  volts. 

(6)  The  capacitance  of  the  arrangement  shown  in  Figure  8  meas- 
ured from  A  to  B  was  approximately  20  wi.  The  measurement 
included  C\  as  well  as  the  capacitance  to  ground  which  in  this  type  of 
capacitor  is  relatively  large  as  compared  to  Cx.  Figure  18  is  an 
oscillogram  taken  with  the  same  circuit  arrangement  as  shown  in 
Figure  15  (6'),  except  a  sphere  gap  was  used  instead  of  a  spark  plug. 
It  will  be  noted  that  the  deflections  (x',  y  )  are  not  vertical.  This 
will  be  discussed  later. 

Circuit  3. — The  approximate  capacitances  of  the  six  capacitors  used 
in  circuit  3  are:  d  =  10  mm*,  Ci'  =  70  prf,  C2  =  25  ntf,  <V  =  175  ntf, 
£7a  =  15  put,  and  <?,'  =  25  ntf . 

The  oscillogram  shown  in  Figure  19  represents  a  spark  discharge  in 
COa  at  a  pressure  of  135  pounds.  It  shows  very  clearly  just  what  is 
taking  place  between  the  secondary  of  the  magneto,  the  gap  in  the 
distributor,  the  lead  from  the  magneto  distributor,  and  the  spark 
plug. 

The  sweep  line  KL  was  taken  with  the  four  deflection  plates 
grounded.  The  horizontal  deflection  plates  were  then  connected 
to  the  voltage  divider  and  the  cathode  beam  swept  across  the  photo- 
graphic plate  until  it  reached  (a)  where  the  contact  in  the  primary 
circuit  was  broken. 

After  the  contact  was  broken  the  series  gap  in  the  distributor  of 
the  magneto  broke  down,  and  this  raised  the  potential  difference 
across  the  gap  to  the  voltage  indicated  at  (6).    This  increase  was  so 
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Figure  20. — Magneto 
spark  discharge  in  COt 
at  15  pound*  pressure, 
(circuit  4) 


Fkjukk  21. — Magneto  spark  discharge  in  COt 
at  In  pounds  pressure  (circuit  4) 


Fkjukk  22. — -Magneto  spark  discharge  in 
COi  at  136  pounds  pressure  (circuit  4) 
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Figure  23.- — Magneto  spark 
discharge  in  COt  at  76 
pounds  pressure  (circuit  .5) 
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Figure  24. — Magneto  spark 
discharge  in  COt  at  13-5 
pounds  pressure  (circuit  o) 


Figure  25. — Magneto  spark  discharge  in  C0t 
at  136  pounds  pressure  (circuit  5) 
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Figure  26. — Magneto  spark  discharge 
in  COt  at  16  pounds  pressure  {cir- 
cuit S) 
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Figure  27  Figure  2S 

Change  in  reduction  ratio  and  phase  of  applied  voltr-ge  to  the  divided  voltage  using 

resistance  voltage  divider. 


Figure  29  Figure  30 

Change  in  reduction  ratio  and  phase  of  applied  voltage  to  the  divided  voltage  using 

resistance  voltage  divider. 
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Figure  31 


Figure  32 


Change  in  reduction  ratio  and  phase  of  applied  voltage  to  the  divided  voltage  using 

resistance  voltage  divider. 


Figure  33 

Deflections  (a)  mid  ih)  show  the  effect  of  improjier 
cathode  tube  alignment.  The  vertical  deflection 
at  (c)  indicates  a  correct  alignment. 


Figure  34. — Sym- 
metrical wave 
form  resulting 
from  proper  rath- 
ode  lube  align- 
menl 


i$£&2?mn}    Voltage  Dividers  for  Cathode  Ray  Oscillographs  103 

rapid  that  the  cathode  beam  left  no  trace.  The  gap  remained  broken 
and  the  voltage  increased  to  (c)  when  the  series  gap  broke  down, 
healed,  and  broke  down  again  until  the  voltage  across  the  gap  was 
indicated  by  (d),  where  it  healed  again.  The  series  gap  agam  broke 
down  and  with  this  small  increase  in  voltage  the  spark  plug  gap 
broke  down.  The  voltage  then  dropped  so  rapidly  that  again  the 
cathode  beam  did  not  leave  a  trace.  At  (e)  tnere  is  an  indication 
below  the  sweep  line  of  a  small  voltage.  The  spark  gap  in  the  magneto 
broke,  and  a  series  of  discharges  took  place  across  the  gap  until  the 
voltage  indicated  at  (J )  was  reached.  The  voltage  in  the  magneto 
probably  increased  slightlv,  but  not  enough  to  break  down  the  gap 
in  the  magneto.  The  voltage  across  the  spark  plug  remained  con- 
stant until  finally  the  magneto  voltage  began  to  fall,  and  a  discharge 
took  place  from  the  spark  plug  circuit  to  the  magneto.  This  continued 
until  (h)  was  reached  where  the  potential  difference  between  the  mag- 
neto and  the  spark  plug  circuit  was  too  small  to  further  break  down 
the  gap  and  the  potential  at  (A)  remained  on  the  spark  plug.  This 
voltage  is  also  shown  to  exist  across  the  spark  gap  when  the  sweep 
first  appears  on  the  left  side  of  the  oscillogram. 

Circuit  3  shows  no  oscillation,  so  it  satisfies  requirement  4.  It 
may  be  used  where  the  large  capacitances  Cx'  and  V%  are  not  objec- 
tionable. 

Circuit  4- — The  approximate  capacitance  of  the  six  capacitors  are 
Ci  =  Cx'  =  20  n4 ,  C2  =  ft'  =  25  nid ,  Cz  =  1 5  ntf,  Cz'  =  75  vid. 

The  capacitances  of  Cx  and  C\  were  increased  to  20  M^f  to  bring  out 
the  effect  of  increasing  VB  andVV. 

Figures  20,  21,  and  22  are  oscillograms  representing  spark  dis- 
charges at  pressures  of  15, 75,  and  135  pounds,  respectively,  in  C02  gas. 
For  these  photographs  the  oscillator  provided  a  time  axis.  The 
voltage  to  be  measured  was  applied  to  the  vertical  plates.  The  photo- 
graphs are  lettered  in  the  same  manner  as  in  Figure  19.  These 
photographs  show  that  oscillations  are  set  up  in  the  voltage  divider 
and  requirement  4  is  not  satisfied. 

In  Figure  21  the  peak  potential  of  VB  is  approximtely  1,770  volts 
and  in  Figure  22  it  is  approximately  2,750  volts.  The  effect  of  this 
increased  voltage  is  shown  at  (g)  and  (h).  These  traces  indicate 
voltages  on  the  deflection  plates  connected  to  the  oscillator  greater 
than  the  voltage  of  the  oscillator.  They  are  similar  to  those  which 
appeared  in  Figures  9,  10,  and  11  on  the  horizontal  plates.  These  de- 
flections are  spurious,  and  are  probably  due  to  a  potential  field  set 
up  between  the  deflection  plates  B  and  their  surroundings. 

Circuit  5. — The  approximate  capacitances  of  the  six  capacitors  used 
in  circuit  5  were:  Ci  =  Ci'  =  10  ^if,  C2  =  C2  =  65  /i/if,  C3  =  15  nni, 
C^  =  0.   Five  hundred  ohm  resistors  were  inserted  at  (a)  and  (a'). 

Figure  23  is  an  oscillogram  showing  the  variation  in  voltage, 
the  discharge  taking  place  in  C02  gas  at  75  pounds  pressure.  Tno 
long  faint  traces  which  appear  in  Figure  14  are  not  present  in  this 
photograph.  The  faint  traces  appearing  below  the  heavy  traces  are 
probably  due  to  slow  electrons,  since  similar  faint  traces  may  be  found 
at  maximum  voltage  of  the  oscillator.    (See  fig.  25.) 

Figures  24  and  25  are  oscillograms  representing  spark  discharges 
at  135  pounds  pressure.  Faint  traces  due  to  oscillations  in  the  voltage 
divider  are  absent  in  these  photographs.  Figure  26  is  an  oscillogram 
taken  with  circuit  5  under  the  same  sparking  conditions  as  the  os- 
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cillogram  shown  in  Figure  15  with  circuit  2.  The  oscillations  in  the 
voltage  divider  which  are  pronounced  with  circuit  2  are  not  present 
with  circuit  5.  The  faint  traces  appearing  at  peak  voltage  are  due  to 
the  slow  electrons  in  the  cathode  beam. 

Figure  25  shows  a  progressive  shortening  of  the  oscillator  amplitude 
as  the  voltage  across  the  vertical  deflection  plates  increases.  This 
will  be  discussed  in  Section  VII. 

VI.  EXPERIMENTAL  RESULTS  WITH  RESISTANCE 

VOLTAGE  DIVIDERS 

It  was  shown  theoretically  in  Section  III  that  on  account  of  the 
effective  capacitance  of  resistors  and  their  supports  at  high  frequen- 
cies, the  reduction  ratio  of  a  resistance  divider,  in  general,  changes 
with  the  frequency.  Oscillograms  to  illustrate  the  change  in  reduction 
ratio  as  the  frequency  is  varied  are  shown  in  Figures  27  to  32.  The 
oscillator  voltage  was  applied  directly  to  the  horizontal  plates  and  the 
reduced  voltage  to  the  vertical  plates.  In  each  case  the  total  resistance 
was  Ri  +  R2i  and  the  vertical  deflection  plates  were  connected  across 
R^. 

With  Ri  consisting  of  two  500,000-ohm  grid  leaks  in  series  and  R2 
of  two  150,000-ohm  grid  leaks  in  series,  the  oscillogram  shown  in 
Figure  27  was  taken  at  20  kc  and  that  in  Figure  28  at  850  kc.  The 
reduction  ratio  measured  from  Figure  27  is  0.35  while  from  Figure  28 

R 

it  is  0.47.  The  low  frequency  reduction  ratio,  jf^-jft  °-23- 

The  oscillograms  shown  in  Figures  29  and  30  were  taken  at  20  and 
1,000  kc,  respectively,  with  J?!  =  15,000  ohms  (a  10,000-ohm  and  a 
5,000-ohm  grid  leak  in  series)  and  R2  =  4,000  ohms  (two  2,000-ohm 

grid  leaks  in  series),    p  +2„  =0.21.   The  reduction  ratios  measured 

from  the  oscillograms  are  0.20  and  0.30,  respectively. 

The  oscillograms  shown  in  Figures  31  and  32  were  taken  with  wire- 
wound  resistors,  with  i?i  =  75,000  ohms  (a  single  resistor)  and  i?2  = 
15,000  ohms  (a  10,000-ohm  resistor  in  series  with  one  of  5,000  ohms). 

jf^ft  =0.17.   The  measured  reduction  ratios  are  0.17  at  20  kc  and 
0.29  at  1,000  kc. 

It  is  generally  impossible  to  arrive  at  these  reduction  ratios  by  using 
equation  (16),  since  neither  Cx  nor  d  are  accurately  known.  Further- 
more, equation  (16)  does  not  take  into  account  capacitances  to  ground. 
It  is  sufficient  for  the  purposes  of  this  discussion  to  show  on  the 

theoretical  side  that  the  ratio  ^  may  either  increase  or  decrease  with 

increase  in  frequency  of  the  applied  voltage  and  to  show  on  the  experi- 
mental side  that  this  ratio  does  vary  with  the  frequency. 

VII.  OSCILLOGRAPH  TECHNIQUE 

In  connection  with  the  study  of  voltage  dividers,  certain  details  in 
the  technique  of  cathode-ray  oscillograph  operation  were  found  to  be 
important.  Some  of  these  are  mentioned  in  the  literature  of  the 
cathode-ray  oscillograph,  but  because  of  their  importance  it  seems 
desirable  to  consider  them  more  in  detail  at  this  time. 
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1.  ALIGNMENT  OF  THE  CATHODE  TUBE 

The  usual  method  of  aligning  the  cathode  tube  is  to  place  the 
bright  spot  in  the  center  of  the  photographic  plate.  This  means  that 
the  active  spot  on  the  electrode,  the  small  opening  or  diaphragm 
through  which  the  electrons  enter  the  deflection  tube  and  the  center 
of  the  photographic  plate  are  in  a  straight  line.  In  the  deflection 
tube  the  cathode  beam  must  travel  between  two  sets  of  deflection 
plates.  When  a  voltage  is  applied  to  the  plates  an  electrostatic  field 
exists  with  respect  to  the  surroundings.  If  the  deflection  plates  and 
surroundings  are  symmetrical  with  respect  to  the  cathode  beam,  the 
electrostatic  field  will  have  a  kind  of  symmetry  that  will  produce  no 
deflection  of  the  ray  except  that  which  is  normal  to,  and  caused  by, 
the  difference  of  potential  between  each  pair  of  plates.  If  the  field 
is  not  symmetrical,  the  voltage  applied  to  each  pair  of  deflection 
plates  will  produce  a  deflection  made  up  of  two  components,  one 
normal  and  one  parallel  to  the  plates. 

If  the  two  vertical  deflection  plates  B  and  one  horizontal  plate  A 
shown  in  Figure  6  are  connected  to  ground  and  a  voltage  applied  to 
the  second  horizontal  plate  shown  at  A,  the  deflection  with  the  usual 
adjustment  of  the  cathode  tube  will  generally  show  a  negligible 
horizontal  component.  If  plates  A  are  used  with  a  voltage  divider, 
such  as  circuit  4,  the  difference  of  potential  between  the  plates  may 
be  small  in  comparison  with  the  difference  of  the  potential  between 
the  plates  and  ground.  In  this  case,  the  horizontal  component  may 
be  as  great  as,  or  greater  than,  the  vertical  component.  This  effect 
is  shown  in  Figures  9  and  10,  where  the  tip  of  the  deflection  is  not 
vertically  above  or  below  the  break  in  the  sweep.  Figure  1 1  shows  a 
horizontal  deflection  although  the  indicated  potential  difference 
between  the  plates  is  zero.  By  swinging  the  cathode  tube  horizontally 
a  position  was  found  where  the  tip  of  the  deflection  did  not  extend 
more  than  1  mm  beyond  the  break  in  the  sweep  line.  With  circuit 
4  it  was  impossible  to  eliminate  this  effect  entirely  when  VB  and  VB' 
were  large. 

Another  example  of  incorrect  alignment  of  the  cathode  tube  is 
shown  in  Figure  18.  The  lines  (x'f  yr)  etc.,  may  be  made  normal  to 
the  horizontal  deflection  plates  by  swinging  the  cathode  tube  hori- 
zontally. The  traces  (x',  y')  etc.,  in  Figure  15  (a')  shows  the  tube 
alignment  greatly  improved.  To  determine  whether  or  not  the 
cathode  tube  is  correctly  aligned  for  a  particular  set  of  conditions  the 
following  procedure  may  be  used. 

With  the  four  deflection  plates  at  ground  potential  and  the  sweep 
demagnetized  the  cathode  tube  is  adjusted  until  the  spot  appears  in 
the  center  of  the  fluorescent  screen.  The  horizontal  plates  are  con- 
nected to  the  voltage  divider  and  the  divider  balanced  as  previously 
described,  after  which  the  leads  to  the  divider  are  connected  across 
the  spark  gap.  If  now  a  spark  discharge  takes  place  across  the  gap 
the  electrostatic  field  between  the  deflection  plates  and  the  surround- 
ings is  that  which  will  exist  during  the  photographing  of  the  discharge. 
By  swinging  the  cathode  tube  horizontally,  a  position  will  be  found 
where  the  deflection  is  vertical.  In  Figure  33,  (a)  and  (ft)  show  the 
tube  out  of  alignment  while  (c)  shows  the  tube  aligned  horizontally. 
The  oscillograms  were  taken  with  circuit  4.  A  corresponding  pro- 
cedure is  followed  for  the  vertical  alignment.  It  is  well  to  check 
both  alignments  after  the  adjustments  are  completed. 
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Figure  34  was  taken  after  alignment  of  the  tube  by  this  method. 
It  will  be  noted  that  point  (0)  falls  midway  between  (K)  and  (X). 
This  method  of  alignment  may  not  always  be  the  most  desirable, 
because  if  the  horizontal  plates  are  not  parallel  to  the  trace  produced 
by  the  magnetic  sweep,  or  the  vertical  plates  not  perpendicular  to 
this  trace,  the  adjustment  will  displace  the  cathode  tube  so  that  the 
bright  spot  is  considerably  displaced  from  the  center  of  the  photo- 
graphic plate.  For  measuring  potential  differences  a  small  slope  is 
not  objectionable  unless  it  is  aesired  to  determine  a  relation  between 
the  rate  of  increase  and  decrease  of  the  voltage.  In  most  cases  it  is 
possible  to  correct  for  the  small  slope.  When  it  is  desired  to  determine 
the  instantaneous  relation  between  current  and  voltage,  using  one  pair 
of  plates  to  measure  the  voltage  and  the  other  pair  to  measure  the 
potential  difference  across  some  reactance,  the  pattern  photographed 
is  usually  so  complicated  that  it  is  difficult  to  make  corrections  for 
both  pairs  of  plates.  It  is  this  latter  problem  that  led  to  the  method 
given  above  for  the  adjustment  of  the  cathode  tube.  In  Figure  34 
the  bright  spot  is  above  and  to  the  left  of  the  center  of  the  photo- 
graphic plate. 

2.  SENSITIVITY  OF  THE  CATHODE  BEAM 

It  is  well  known  that  the  sensitivity  of  the  cathode  beam  to  either 
an  electrostatic  or  an  electromagnetic  field  changes  with  the  cathode 
voltage.  The  maximum  voltage  which  may  be  applied  to  the  cathode 
before  a  discharge  takes  place  is  limited  by  the  pressure  and  composi- 
tion of  the  gases  in  the  cathode  tube.  Indirectly,  then,  the  sensitivity 
of  the  cathode  beam  depends  upon  the  pressure  and  composition  of 
gases.  In  measuring  voltages  it  is  therefore  necessary  to  Know  that 
the  electrostatic  sensitivity  at  the  time  of  photographing  the  phenom- 
ena is  the  same  as  at  the  time  of  calibration,  or  else  to  have  available 
a  ready  means  of  detennining  the  sensitivity. 

Measurements  made  with  a  hot-wire  pressure  gauge  can  not  be 
relied  upon  to  determine  sensitivity  if  the  photographic  film  has  not 
been  thoroughly  out  gassed.  Unless  this  out  gassing  is  carried  out 
in  a  separate  container  before  the  film  is  placed  in  the  oscillograph  a 
great  deal  of  time  is  lost.  The  procedure  generallv  followed  until 
this  portion  of  the  work  was  undertaken  was  for  the  observer  to  reduce 
the  pressure  until  the  sweep  line  appeared  dotted  and  then  allow  the 
pressure  to  increase  until  the  line  appeared  solid.  At  this  time  the 
photographs  were  taken.  Working  in  this  manner  with  a  film  which 
had  not  been  out  gassed  the  sweep  first  appeared  dotted  with  a  gauge 
reading  of  54  on  film  1  and  a  few  minutes  later  the  sweep  first  appeared 
dotted  with  a  eauge  reading  of  42  on  film  6.  In  common  with  other 
investigators  the  practice  was  adopted  of  photographing  the  sweep 
with  a  known  voltage  across  the  horizontal  plates  immediately  after 
photographing  the  phenomena,  and  using  this  line  as  a  measure  of 
sensitivity. 

This  same  idea  was  used  to  indicate  visually  the  sensitivity  before 
photographing.  The  deflection  plates,  oscillator,  and  a  source  of 
known  voltage  were  connected  to  a  double-pole  double-throw  switch 
so  that  either  the  oscillator  or  known  voltage  could  be  applied  to  the 
deflection  plates.  About  1  centimeter  below  the  top  of  the  fluorescent 
screen  a  narrow  line  was  drawn  with  willemite.  When  a  vacuum 
was  obtained  which  gave  a  good  solid  sweep  the  known  voltage  was 
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adjusted  until  the  sweep  passed  through  the  willemite  line.  This  line 
appeared  green  against  a  bluish  background. 

To  control  the  sensitivity  it  is  only  necessary  to  apply  this  voltage 
to  the  deflection  plates  and  adjust  the  vacuum  until  the  sweep  passes 
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through  the  willemite  line.  The  voltage  was  supplied  by  a  small 
transformer  Tand  rectified  by  the  kenotron  K  as  shown  in  Figure  35. 
The  double-throw  switch  S2  was  arranged  so  that  the  transformer  or 
magneto  could  be  connected  to  the  kenotron.  Vi  is  an  alternating 
current  voltmeter  used  to  indicate  the  voltage  drop  across  the  primary 
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of  the  transformer.  By  changing  the  resistance  RB  to  compensate  for 
changes  in  the  110-volt  supply  a  constant  voltage  was  supplied  to  the 


since  it  was  graduated  in  kflovolts.  With  S*  open  and  closed,  the 
voltage  was  applied  to  the  deflection  plates,  and  its  polarity  reversed, 
through  5$.  Unless  the  line  voltage  is  constant  radio  B  batteries  will 
give  better  results. 

The  need  for  such  control  is  shown  by  Figures  36  and  37.  These 
figures  show  only  the  left  and  right  halves  of  oscillograms  taken  with 
potential  differences  of  0,  ±218,  ±437,  and  ±692  volts  applied  to 
the  horizontal  deflection  plates  from  the  B  battery  through  Ss  and  £«. 
(Fig.  35.)  The  hot-wire  gauge  readings  were  the  same,  but  on  account 
of  changes  in  the  composition  of  the  gases  the  gauge  readings  did  not 
indicate  the  same  pressures  in  the  oscillograph.  This  change  in  gas 
composition  resulted  from  different  out-gassing  of  the  films.  The 
average  deflection  computed  from  Figure  36  is  275  volts  per  centi- 
meter and  from  Figure  37  is  215  volts  per  centimeter.  The  measure- 
ments were  made  at  the  center  of  the  film. 

Figures  38  and  39  show  the  left  and  right  halves  of  two  oscillograms 
taken  after  the  sensitivity  indicated  by  the  cathode  beam  appeared 
the  same.  The  average  deflection  computed  from  the  center  of  Figure 
38  is  250  volts  per  centimeter  and  from  the  center  of  Figure  39  is  255 
volts  per  centimeter.  The  average  rounded  value  has  been  taken  as 
250  volts  per  centimeter  when  the  deflection  is  measured  at  the  center 
of  the  film  using  the  slowest  electromagnetic  sweep.  The  two  extreme 
traces  on  the  oscillogram  are  photographs  of  the  constant  voltage 
supplied  by  the  transformer  and  kenotron  to  the  deflection  plates. 
None  of  the  constant  potential  lines  are  symmetrical  with  respect 
to  the  center  of  the  photograph  because  the  cathode  tube  had  been 
adjusted  as  given  under  VII,  1. 

These  lines  appear  curved  since  the  voltage  applied  to  the  cathode 
tube  is  taken  from  the  peak  of  a  60-cycle  wave  and  therefore  varies 
with  the  time  of  application.  The  voltage  reaches  a  maximum  at 
the  center  of  the  film  which  is  the  position  of  least  sensitivity.  The 
curvature  of  the  lines  becomes  less  as  the  speed  of  the  cathode  beam 
across  the  film  is  increased,  because  in  this  case  there  is  a  smaller 
change  in  the  cathode  voltage  in  the  interval.  Observations  show 
that  as  the  speed  at  which  the  cathode  beam  is  swept  across  the  film 
is  increased  the  same  potential  difference  on  the  deflection  plates 
produces  a  slightly  greater  deflection  at  the  center  of  the  film.  This 
is  to  be  expected  if  the  cathode  beam  is  swept  across  the  film  at  such 
times  as  to  include  different  segments  of  the  calibration  lines  shown 
in  Figures  38  and  39. 

By  referring  to  Figure  6  it  will  be  seen  that  the  deflection  of  the 
cathode  beam  at  the  photographic  film  is  greater  for  a  given  poten- 
tial difference  across  plates  B  than  for  the  same  potential  difference 
across  plates  A.  Figure  40  is  an  oscillogram  taken  with  voltages  of 
0,  ±218,  ±437,  and  ±692  applied  across  the  vertical  deflection 
plates.  The  vertical  deflection  was  obtained  by  applying  the  oscil- 
lator voltage  to  the  horizontal  deflection  plates.  The  alignment  of 
the  cathode  tube  was  the  same  as  for  Figures  38  and  39.  Measure- 
ments made  between  the  sharp  edges  starting  from  the  far  central 
ruled  lines  gave  an  average  deflection  of  195  volts  per  centimeter. 
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Figure  36  Figure  37 

Two  sets  of  calibration  lines  with  sensitivity  matched 
with  thermocouple  pressure  gauge. 


Figure  3K  Figure  39 

Two  sets  of  calibration  lines  with  sensitivity  matched 
with  known  voltage  ami  willemite  mark. 


Figure  40. —  Calibration  linen  using 
vertical  plates 
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Figure  41 

Line  a  indicates  the  ratio  of  the  sensitivity  between  the 
horizontal  and  vertical  delta-ting  plates. 


FIGURE  42. — Effect    of  nonuniform 
electrostatic  fields 


FlGl/UK  43. — Magneto  impulses  used  for 
the  calibration  of  voltage  dividi  n 

A  1-megohrn  resistor  was  shunted  across  the  magneto 
terminals. 
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Figure  44. — Magneto  impulses  used 
for  calibration  of  voltage  divider 
without  resistor  shunted  across  mag- 
neto terminals 


Figure  40. — Oscillogram  used  for  deter- 
mining the  reduction  ratio  of  voltage 
divider  using  oscillator 


Peters,  llannen 
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At  the  time  this  calibration  was  made  precautions  had  not  been  taken 
to  control  the  sensitivity  of  the  cathode  beam. 

A  second  method  of  determining  the  sensitivity  of  the  vertical 
deflection  plates  is  to  determine  the  ratio  of  the  sensitivity  of  the  two 
pairs  of  deflection  plates  and  multiply  the  sensitivity  of  the  horizontal 
deflection  plates  by  this  ratio.  If  #1  be  the  sensitivity  of  the  cathode 
beam  to  plates  A  (volts/cm)  and  «*  that  to  plates  Bf  then  the  ratio 

©=  -  must  be  constant.    This  ratio  is  independent  of  the  voltage 

St 

applied  to  the  cathode  tube  as  well  as  the  composition  and  pressure 
of  the  gases  in  the  oscillograph.  This  ratio  is  conveniently  found  by 
applying  the  oscillator  voltage  directly  to  both  pairs  of  plates.  The 
slope  of  the  resulting  line,  shown  at  (a)  in  Figure  41,  is  the  ratio  vf 
which  is  thus  found  to  have  the  constant  value  1.39  for  this  deflection 
tube.  Only  the  straight  portion  of  this  line  near  the  center  was  used 
because  as  will  be  shown  presently  a  small  distortion  may  take  place 
with  large  deflections  of  the  cathode  beam.    Thus  if  *i  is  known,  s2 

is  found  from  Sa--1-    For  *i  =  250  volts  per  centimeter,  «a=180 

volts  per  centimeter. 

To  explain  the  slight  curvature  at  the  extremities  of  line  (a)  in 
Figure  41  as  well  as  the  progressive  shortening  of  the  oscillator  ampli- 
tude in  Figure  25  it  is  necessary  to  consider  the  space  variation  of 
electrostatic  field  intensity  transversely  across  the  field  between  the 
deflection  plates.  This  variation  is  indicated  in  Figure  42.  The 
traces  (g)  and  (A)  were  obtained  in  the  same  manner  as  the  two  ex- 
treme calibration  traces  shown  in  Figures  38  and  39.  The  trace  (a) 
was  obtained  by  applying  a  constant  voltage  across  the  horizontal 
plates  (fig.  6)  and  the  oscillator  voltage  across  the  vertical  plates. 
Between  the  vertical  plates  the  cathode  beam  oscillated  in  a  honzontal 
central  plane  at  a  frequency  of  20  kc.  The  constant  voltage  de- 
flected the  oscillating  cathode  beam  toward  one  of  the  horizontal 
deflection  plates,  depending  upon  the  polarity.  If  the  field  traversed 
by  the  cathode  beam  is  uniform  the  trace  on  the  photographic  film 
will  be  parallel  to  the  plates,  and  if  not,  it  will  travel  along  a  path 
showing  the  variation  in  field  intensity.  The  inner  edge  of  (a)  was 
recorded  at  maximum  cathode  voltage,  which  may  be  considered 
constant  in  this  very  short  interval  of  2.5  X  10~*  seconds.  The  fighter 
portion  above  this  dark  line  is  the  record  of  many  oscillations  at 
lower  cathode  voltage.  The  trace  (c)  was  obtained  by  reversing  the 
polarity  of  the  constant  voltaee.  Trace  (f)  was  obtained  in  a  similar 
manner  after  grounding  the  horizontal  deflection  plates. 

The  traces  (b)  and  Jd)  were  obtained  by  applying  the  constant 
voltage  across  the  vertical  deflection  plates  and  the  oscillating  volt- 
age across  the  horizontal  plates.  The  cathode  beam  is  first  deflected 
to  the  right  or  left  by  the  vertical  plates,  depending  on  the  polarity  of 
the  applied  voltage.  The  cathode  beam,  deflected  away  from  the 
central  axis  horizontally,  then  enters  the  oscillating  field  of  the  hori- 
zontal plates,  and  oscillates  at  a  frequency  of  20  kc.  With  the  con- 
stant voltage  deflecting  the  beam  to  the  right  the  trace  (6)  was  photo- 
graphed, and  with  voltage  reversed,  (d)  was  photographed.  Trace 
(e)  was  taken  in  a  similar  manner  with  the  vertical  plates  grounded. 
The  most  intense  portion,  of  the  traces,  which  are  the  inner  edges  of 
{b)  and  ((f),  were  recorded  at  maximum  cathode  voltage. 
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If  it  is  assumed  that  the  maximum  oscillator  voltage  remains 
constant  during  the  photographing  of  (6),  (e),  and  (d),  as  well  as  the 
sensitivity  as  determined  by  the  pressure  and  gas  composition,  lines 
joining  the  ends  should  show  the  change  in  sensitivity  with  transverse 
distance  from  the  center  of  the  horizontal  plates,  'these  lines  would 
be  parallel  to  (a)  and  (c),  respectively.  They  would  be  difficult  to 
draw  because  the  slow  electrons  striking  the  middle  of  the  photo- 
grahpic  film  fall  in  the  same  vertical  plane  as  the  fast  electrons, 
whereas  at  (b)  and  (d)  they  are  deflected  to  the  side. 

The  curvature  of  lines  (a),  (6),  (c),  and  (d)  can  be  attributed  to  the 
existence  of  potential  fields  whose  intensities  are  not  uniform  through- 
out. 

It  has  been  shown  that  an  oscillogram  taken  with  the  .oscillator 
voltage  deflecting  the  cathode  beam  vertically  and  the  slow  magnetic 
sweep  deflecting  it  horizontally,  with  the  vertical  plates  grounded, 
would  show  a  variation  of  oscillator  amplitude  depicted  by  the  lines 
ig)  and  (h)  of  Figure  42.  The  amount  of  this  variation  diminishes 
as  the  speed  of  the  sweep  is  increased.  If  at  the  same  time  a  voltage 
is  applied  to  the  vertical  deflection  plates,  rapidly  increasing  to  an 
amount  sufficient  to  cause  the  horizontal  deflection  (e)  to  (6),  the 
path  of  the  beam  between  the  horizontal  plates  is  suddenly  transferred 
from  a  field  of  maximum  intensity  (a')  to  a  field  of  less  than  maximum 
intensity  (a).  If  now  the  combined  action  of  the  electrostatic  field 
of  the  vertical  plates  and  the  electromagnetic  field  of  the  sweep  has 
not  caused  the  beam  to  be  deflected  entirely  off  the  photographic 
film,  the  resulting  oscillogram  will  show  a  change  in  the  amplitude  of 
the  oscillation.  This  change  in  amplitude  will  depend  upon  the  hori- 
zontal displacement  of  the  cathode  beam  by  the  voltage  across  the 
vertical  deflection  plates  as  well  as  the  instantaneous  cathode  voltage. 
These  two  effects  may  either  counteract  or  reinforce  each  other. 
Effects  of  this  kind  are  believed  to  be  the  cause  of  the  progressive 
shortening  of  the  amplitude  of  the  oscillation  at  (a),  (6),  (c),  and  (d) 
shown  in  Figure  25.  In  order  that  the  shortening  in  Figure  25  be 
explained  quantitatively  by  Figure  42  it  is  necessary  to  assume  that 
the  cathode  beam  in  the  former  is  displaced  more  to  the  right  than 
the  displacement  shown  in  the  latter  figure. 

While  it  is  possible  to  explain  qualitatively,  at  least,  the 
lengthening  of  (g)  and  (h)  in  Figures  21  and  22  in  the  same  manner, 
it  is  believed  that  these  spurious  effects  were  caused  by  VB  and  IV 
becoming  large.  This  seems  all  the  more  reasonable  since  a  lengthen- 
ing appeared  in  Figure  11  with  no  potential  difference  between  the 
deflection  plates.  It  is  also  now  apparent  why  the  extremities  of  line 
(a)  in  Figure  41  are  slightly  curved. 

It  is  not  intended  to  discuss  these  effects  in  detail  or  make  a  study 
of  the  variation  of  voltage  throughout  the  whole  field,  but  peculiar 
effects  were  obtained  and  their  interpretation  was  difficult  until  the 
oscillogram  shown  in  Figure  42  was  taken. 

VIII.  CALIBRATION  OF  THE  CAPACITANCE  VOLTAGE 

DIVIDER 

If  the  capacitance  of  each  capacitor  and  lead  wire  were  accurately 
known,  the  quantity  represented  by  Kf  which  has  been  called  the 
reduction  factor  of  the  voltage  divider,  could  be  calculated.    If  this 
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method  is  followed,  care  must  be  taken  in  measuring  the  capacitances 
of  the  six  capacitors  as  well  as  the  leads  between  the  capacitors.  The 
disadvantage  of  this  method  is  that  it  requires  a  series  of  careful 
measurements  with  each  change  in  the  settings  of  the  capacitors. 

It  is  more  feasible,  therefore,  to  calibrate  experimentally,  and  this 
may  be  done  in  two  ways:  (1)  By  applying  a  known  alternating 
voltage  across  the  divider  and  photographing  the  resulting  cathode 
beam  deflection,  and  (2)  by  determining  the  ratio  between  the 
cathode  beam  deflection  when  an  alternating  voltage  is  applied  di- 
rectly to  one  pair  of  plates  and  the  reduced  voltage  to  the  other  pair. 

I.  CALIBRATION  BY  APPLICATION  OF  KNOWN  VOLTAGES 

The  leakage  which  takes  place  through  the  insulation  of  the 
capacitors  prevents  the  use  of  a  constant  voltage  for  calibrating  a 
capacitance  voltage  divider.  A  convenient  source  of  alternating  volt- 
age is  found  in  the  magneto,  since  the  polarities  of  consecutive  impulses 
are  of  opposite  sign.  The  circuit  connections  for  calibrating  are  shown 
in  Figure  35.  Tne  electrodes  G  were  separated  to  prevent  a  spark 
discharge  across  the  gap.  The  voltage  induced  in  the  secondary  of 
the  magneto  M  was  controlled  by  shunting  variable  resistances  Rx 
and  R2  across  the  primary  breaker  contacts.  This  voltage  was  ap- 
plied to  the  divider  through  switches  S2  and  S3,  the  latter  switch 
controlling  the  polarity  applied  to  the  deflection  plates.  The  keno- 
tron  K  acted  as  a  check  valve  and  allowed  the  voltmeter  V%  to  indicate 
the  peak  voltage.  The  magneto,  which  was  synchronized  with  the 
oscillograph,  generated  36  surges  per  second,  18  positive  and  18 
negative  with  respect  to  ground. 

Figures  43  and  44  are  oscillograms  showing  the  application  of  this 
method  with  and  without  the  resistor  R3  shunted  across  the  secondary 
of  the  magneto.  Voltage  divider  circuit  5  was  used.  In  Figure  44 
the  peak  voltages  indicated  by  the  voltmeter  were  2,000  and  6,000, 
and  are,  respectively,  represented  by  (bd')  and  (6c')>  where  (6)  lies 
on  the  line  of  zero  potential  difference.  The  corresponding  voltages 
of  opposite  polarity  remaining  from  the  previous  surge  are  (db)  and 
(cb). 

The  advantage  of  using  the  1 -megohm  grid  leak  Rt  is  shown  by 
Figure  43.  In  this  case  the  potential  difference  across  the  gap  is 
quickly  brought  to  zero.  The  surges  were  all  of  the  same  polarity 
with  respect  to  the  magneto,  but  their  polarity  with  respect  to  the 
deflection  plates  was  reversed  on  each  voltage  by  switch  Sz.  (Fig.  35.) 
The  peak  voltages  represented  by  (a)  and  (a'),  (b)  and  (6')»  (c)  and 
(c'),  and  (d)  and  (d')  are,  respectively,  ±2,350,  ±4,075,  +5,900  and 
-6,075,  and  +9,600  and  -9,750.  These  deflections  determine  the 
lines  (a)  and  (6)  shown  in  Figure  45.  Since  no  two  surges  are  exactly 
alike  and  the  voltmeter  indicates  the  average  of  18  surges  per  second, 
a  variation  between  observations  is  to  be  expected.  Before  photo- 
graphing the  surges  shown  in  Figure  43,  the  sensitivity  was  checked 
m  the  manner  described  in  Section  VII. 

With  a  smaller  reduction  ratio  the  straight  line  (d)  in  Figure  45 
was  determined.  The  plotted  points  represent  the  average  of  six 
independent  observations.  They  were  taken  to  show  that  the  re- 
duction factor  of  circuit  5  is  constant,  and  that  the  deviations  of  the 
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plotted  points  in  Figure  12  become  less  as  a  greater  number  of  observa- 
tions are  averaged.  These  deviations  are  caused  by  the  magneto 
since  the  peak  voltages  of  two  sparks  are  not  necessarily  the  same. 
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2.  CALIBRATION  BY  USE  OF  THE  OSCILLATOR 

A  method  for  using  the  oscillator  supplied  with  the  oscillograph  to 
determine  the  relative  sensitivity  of  the  two  pairs  of  deflection  plates 
has  already  been  discussed.  This  method,  which  consists  simply  in 
applying  the  undivided  oscillator  voltage  to  one  pair  of  plates  and  the 
divided  voltage  to  the  other  pair,  is  also  useful  for  calibration.  The 
slope  of  the  resulting  line,  of  which  Figures  13  and  46  are  examples, 
determines  the  ratio 

Vm-Vm' 

after  the  ratio  of  sensitivity  between  the  two  pairs  of  plates  has  been 

determined. 
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In  Figure  46  the  straight  line  (a)  was  obtained  by  applying  the 
oscillator  voltage  directly  to  the  vertical  deflection  plates  ana  the 
divided  voltage  (using  circuit  5)  to  the  horizontal  plates.  The  same 
capacitor  settings  were  used  as  for  Figure  43,  the  reversal  of  slope 
being  obtained  oy  reversing  the  leads  to  the  voltage  divider.  The 
exposures  shown  at  (b)  and  (c)  in  Figure  41  were  made  after  making  a 
small  change  in  the  capacitor  settings.  With  the  divided  voltage 
applied  to  the  horizontal  plates,  as  in  this  instance,  the  reduction  factor 

K  is  equal  to  -y ,  where  6X  is  the  mean  of  two  deflections  measured 

along  two  vertical  ruled  lines,  5a  is  the  total  horizontal  deflection 

measured  between  these  lines,  and  t>=-=the  ratio  of  sensitivity  for 

plates  A  (horizontal)  in  volts  per  centimeter  to  that  for  plates  B 
(vertical).  The  constant  v  is  1.39.  Measurements  made  on  Figure  46 

gives  $i  =  0.55  cm  and  $a=  10.75  cm.    Hence,  ^=0.071. 

On  account  of  the  small  slope  produced,  when  K  becomes  greater 
than  15  or  20  the  method  just  described  may  not  be  found  prac- 
ticable. In  such  cases  it  will  be  necessary  to  calibrate  by  the  method 
of  applying  known  voltages.  But  the  convenience  of  using  the  aux- 
iliary equipment  supplied  with  the  oscillograph  makes  the  second 
method  preferable  when  the  reduction  ratio  is  of  such  magnitude  as 
to  allow  its  use.  It  is  then  unnecessary  to  obtain  a  source  of  high 
alternating  voltage  or  high-voltage  measuring  instruments.  (The 
term  "high  voltage"  is  relative.  The  maximum  voltage  used  in  this 
investigation  was  10,300.) 

It  is  interesting  to  note  that  method  (2)  gives 

i  Vg  -  vy 
7c~vA-v/ 

absolutely,  without  regard  to  the  sensitivity  of  the  cathode  beam. 

To  compare  the  results  obtained  by  the  two  methods  of  calibration 
it  is  only  necessary  to  substitute  this  value  of  Kin  the  expression, 

where  D  is  the  deflection  in  centimeters,  V  is  an  arbitrary  applied 
voltage  and  s  is  sensitivitv  in  volts  per  centimeter.  Let  V  — 10,000. 
From  the  previous  sensitivity  measurements  (Sec.  VII)  it  is  known 
that 

=  250  volts  per  centimeter 

and 

s2  =  180  volts  per  centimeter 

and  for  the  same  capacitor  settings  g.  was  found  above  to  be  0.0712. 
Therefore 

10  000 

D,  =  0.071  X-7^~  =  2.85  cm  for  plates  A 

and 

Da  =  0.071  x  ^'°°-  =  3.95  cm  for  plates  B 
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The  deflection  D\  is  indicated  on  Figure  45  by  the  lines  (c)  and  (c')» 
and  agrees  closely  with  the  calibration  by  the  method  of  known 
potentials.  If  the  leads  had  been  reversed  and  another  straight 
line  obtained  the  average  of  the  two  would  rive  a  better  value  for  v 
than  was  obtained  from  the  single  line  (a)  in  Figure  41.  This  should 
lead  to  a  better  agreement  between  the  two  methods. 

IX.  CONCLUSION 

The  results  of  this  investigation  show  that  if  it  is  uesired  to  measure 
voltages  in  spark  discharges  whose  peak  voltages  he  within  the  range 
found  in  the  average  automotive  engine  ignition  system,  voltage 
divider  circuit  5  will  probably  be  found  satisfactory  for  use  with  a 
cathode  ray  oscillograph  of  the  type  described.  However,  it  is  well 
to  call  attention  to  the  fact  that  some  of  the  other  circuits  may  be 
equally  satisfactory  for  other  types  of  measurements.  The  faint 
traces  which  were  observed  in  oscillograms  due  to  oscillations  in  the 
voltage  divider  circuit  can  probably  be  eliminated  by  inserting 
resistances  as  was  done  in  circuit  5.  One  of  the  chief  merits  of  the 
capacitance  voltage  divider  is  its  adaptability  to  a  wide  range  of 
conditions  of  voltage  measurement. 

Resistance  voltage  dividers  are  unsatisfactory  for  frequencies 
commonly  found  in  spark  discharges  unless  special  care  is  taken  to 
balance  the  capacitance  and  inductance  of  the  resistance.  In  the 
development  of  the  equation  for  resistance  voltage  dividers  only  the 
simplest  assumptions  were  made  as  to  capacitance,  and  the  induc- 
tance of  the  resistors  was  completely  neglected.  This  equation, 
therefore,  represents  only  in  a  very  rough  way  what  actually  occurs. 
The  oscillograms  obtained  in  testing  the  resistance  divider  are  evidence 
in  themselves  of  the  unsuitability  of  this  type  of  divider  for  high- 
frequency  work. 

In  the  literature  of  cathode  ray  oscillograohy  there  has  been  a  dis- 
appointing lack  of  detail  regarding  the  theory  and  technique  of 
measurements.  It  is  hoped  tnat  the  details  set  forth  in  this  paper 
will  be  of  value  to  those  who  are  using  the  instrument  in  work  of  a 
similar  nature. 

Another  point  that  can  hardly  be  overemphasized  is  the  fact  that 
in  this  work  no  phenomena  have  been  recorded  by  the  oscillograph 
that  have  not  been  susceptible  of  rational  explanation.  It  has  been 
the  repeated  experience  of  the  authors  that  recorded  phenomena 
which  are  most  baffling  when  first  observed  on  an  oscillogram  can 
usually  be  interpreted  after  careful  study  and  experimental  investi- 
gation. 
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A  VACUUM  TUBE  AMPLIFIER  FOR  FEEBLE  PULSES 
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ABSTRACT 

A  resistance-capacity  coupled  5-stage  amplifier  is  described  which  is  suitable 
for  automatic  registration  of  the  primary  ionization  pulses  produced  when  cor- 
puscular rays  pass  through  a  shallow  ionization  chamber.  A  discussion  of  an 
improved  type  of  ionization  chamber  is  given. 
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I.  INTRODUCTION 

It  has  long  been  recognized  that  a  direct  method  of  recording  current 
pulses  produced  by  ionizing  particles,  such  as  a  or  H  rays,  would  be 
of  great  value  in  the  study  of  this  type  of  radiation.  By  such  a  pro- 
cedure, in  which  the  current  pulse  occurring  in  an  ionization  chamber 
is  amplified  linearly  and  recorded,  a  decided  advance  over  the  now 
familiar  Geiger  counter  is  achieved  in  that  the  particle  is  not  only 
counted,  but  also  the  ionization  which  it  produces  as  it  passes  through 
the  ionization  chamber  is  instantaneously  measured  and  recorded. 
In  view  of  the  fact  that  an  a  ray  passing  through  a  chamber  5  mm  in 
depth  would  produce  on  the  average  only  about  104  ions,  the  rise  in 
potential  of  the  insulated  collector  of  the  ionization  chamber  can  not 
be  much  greater  than  10"4  volt  for  any  practicable  value  of  the  capac- 
ity of  the  collector.  The  problem  is  therefore  to  amplify  this  potential 
pulse  up  to  the  order  of  20  volts  before  applying  it  to  the  gnd  of  the 
output  tube  of  the  amplifier.  This  is  very  difficult  or  impossible  to 
do  with  ordinary  radio  tubes,  since  poor  grid  insulation,  large  grid 
currents,  large  grid  capacity,  and  other  undesirable  characteristics 
serve  to  obliterate  entirely  the  effect  of  the  arrival  of  such  a  small 
charge  to  the  grid.  It  is  not  surprising,  therefore,  that  this  form  of 
registration  has  not  rapidlv  replaced  the  Geiger  counter  in  which  the 
primary  ionization  is  amplified  by  impact  ionization  107  times  in  the 
counter  itself.  This  augmented  ionization  current  is  then  easily 
handled  by  a  very  simple  amplifier.  Thus,  once  given  a  satisfactory 
counter,  it  is  a  comparatively  simple  matter  to  record  the  entrance  of 
particles  into  the  counter.  However,  in  the  counter  the  primary 
ionization  serves  only  as  a  trigger  to  set  off  a  much  larger  impact 
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ionization  which  can  never  be  more  than  very  roughly  proportional 
to  the  primary  ionization. 

Greinacher  1  first  demonstrated  that  it  was  possible  to  amplify 
directly  the  primary  ionization  of  a  single  particle.  For  this  purpose  he 
used  an  ionization  chamber  with  electric  field  only  sufficiently  intense 
to  insure  rapid  and  complete  collection  of  the  primary  ions.  Later 
developments  of  this  arrangement  led  to  vacuum-tube  circuits  of 
many  stages  of  amplification  which  were  not  only  difficult  to  operate 
but  risked  a  serious  sacrifice  of  the  linear  characteristics  required  to 
make  the  amplifier  of  value. 

More  recently  the  development  of  amplifiers  which  meet  the  re- 
quirements of  linearity  and  reasonable  convenience  of  operation  have 
been  undertaken  by  Wynn-Williams  and  Ward  2  and  by  Leprince- 
Ringuet.3  Although  accomplishing  the  same  result  the  two  circuits 
differ  considerably  in  details.  Unfortunately  neither  circuit  is  readily 
available  to  investigators  working  in  this  country,  since  the  tubes  used 
are  of  foreign  manufacture,  therefore  it  is  difficult  to  procure  or  to 
replace  them,  or  to  secure  information  to  enable  one  to  select  from  tubes 
available  here  those  which  would  have  similar  characteristics.  For 
these  reasons  the  writer,  in  undertaking  to  construct  an  amplifier,  was 
faced  with  the  necessity  of  working  out  an  arrangement  based  on  the 
principles  outlined  by  Wynn-Williams  and  Wara,  but  making  use  of 
entirely  different  types  of  tubes  with  the  exception  of  the  output  tube. 
In  doing  this  it  was  found  possible  to  use  commercial  radio  tubes  in 
all  stages  except  the  first.  The  tube  used  here  is  so  simple  in  construc- 
tion that  it  can  be  made  in  almost  any  laboratory,  and  full  details  of 
its  construction  are  given. 

Since  a  complete  discussion  of  the  principles  involved  in  the  design 
of  such  circuits  is  given  by  Wynn-Williams  and  Ward  and  the  theory 
of  the  operation  is  very  adequately  discussed  by  Ortner  and  Stetter,* 
these  matters  are  not  discussed  here. 

II.  DESCRIPTION  OF  THE  AMPLIFIER 

As  pointed  out  by  Leprince-Ringuet,  the  essential  difficulty  met  with 
in  amplifying  these  primary  ion  pulses  is  that  of  conserving  the  small 
quantity  of  charge  and  converting  the  sudden  rise  in  potential  produced 
when  this  charge  is  driven  on  to  the  collecting  system  of  the  ionization 
chamber  into  a  current  pulse  which  can  be  readily  amplified.  No 
ordinary  radio  tube  is  suitable  for  this  purpose,  since  the  grid  in  such 
tube  is  not  insulated  sufficiently  to  deal  successfully  with  such  small 
quantities  of  charge.  Since  neither  the  tube  used  by  Wynn-Williams 
and  Ward  nor  by  Leprince-Ringuet  was  available,  the  writer  con- 
structed a  simple  tube  from  the  description  given  by  Leprince- 
Ringuet.  Figure  1  shows  a  sketch  of  this  tube.  It  is  a  3-electrode 
tube  which  departs  from  the  usual  arrangement  in  that  the  filament  is 
located  between  the  grid  0  and  the  plate  P,  the  grid  in  this  case  being 
a  plane  electrode  like  the  plate.  The  filament  (an  oxide-coated  nickel 
ribbon  operating  on  0.4  ampere  and  0.6  volt)  is  stretched  parallel  to  the 
plane  of  these  electrodes.  The  filament  and  plate  leads  are  taken  out 

1  H.  Orelnacher,  ZS.  f.  Pbys.,  vol.  36,  p.  364.  1926. 

»  C.  B.  Wynn-Williarna  and  F.  A.  B.  Ward,  Proc.  Roy.  Soc.,  vol.  131,  p.  391, 1931. 

*  h.  Leprince-Ringuet,  Annates  des  P.  T.  T.,  vol.  20,  p.  480,  1931. 

*  Q.  Ortner  and  Q.  Stetter,  ZS.  f.  Phys.,  vol.  54,  p.  449,  1929. 
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through  a  press  seal  at  the  lower  end  of  the  tube,  the  grid  lead  being 
brought  out  separately  at  the  top.  This  arrangement  provides  for 
better  insulation  of  the  grid  which  is  further  increased  by  making  the 
tube  of  pyrex  glass.  Other  features  of  this  tube  which  make  it  partic- 
ularly suited  to  this  work  are  a 
a  low  grid-ground  capacity  and  a 
filament  emission  limited  by  space 
charge.  The  high  insulation  and 
low  capacity  of  the  grid,  a  plate 
about  1  cm  square,  make  possible 
the  rapid  and  sufficient  rise  of 
potential  of  the  grid  required  to 
produce  a  current  pulse  in  the 
plate  circuit.  The  space-charge 
characteristics  of  this  tube  are  of 
great  value  in  cutting  down  the 
shot  effect .  With  several  succeed- 
ing stages  of  amplification,  the  shot 
effect  becomes  one  of  the  limiting 
factors  in  the  operation  of  the 
amplifier.  This  effect  is  so  large 
in  ordinary  tubes  that  they  can  not 
be  used  in  the  first  stage  since  the 
current  pulses  resulting  from  it 
mask  entirely  the  pulses  which 
come  from  the  ionization  chamber. 

It  is  quite  possible  that  other 
types  of  electrometer  tubes,  for  ex- 
ample the  FP54,  would  serve  here, 
but  the  tube  described  is  much 
simpler  in  construction  and  opera- 
tion and  likewise  less  expensive. 

Having  determined  the  type  of 
tube  for  the  input  stage,  the  re- 
mainder of  the  amplifier  becomes 
more  or  less  routine  radio  practice 
as  related  to  audio-frequency  resist- 
ance-capacity coupled  amplifiers. 
The  complete  circuit  is  shown  in 
the  wiring  diagram  reproduced  in 
Figure  2.  It  has  five  stages,  four  of 
which  use  commercial  radio  tubes. 
In  order  to  obtain  as  much  ampli- 
fication per  stage  as  possible,  thus 
reducing  the  required  number  of 
stages,  screen  grid  alternating  cur- 
rent amplifier  tubes  (type  224)  were 
selected  for  the  three  amplifying 
stages.  Following  Wynn-Wilhams  and  Ward,  a  pentode  was  used  in 
the  output  stage  and  the  time  constants  of  all  these  stages  were  made 
large.  The  amplifying  constant  of  the  224  tubes  connected  as  shown 
is  1,000.  Naturally  the  amplification  per  stage  does  not  attain  such 
a  high  value,  but  with  the  resistances  here  used  it  is  reasonable  to 


Figure  1. — Diagram  of  special  electro 
meter  tube 

O-grid  lead;  P-plat«  lead 
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expect  an  over-all  amplification  of  about  100  per  stage.  This  high 
degree  of  amplification  is  necessary  since,  as  Leprince-Rin^uet  points 
out,  the  input  tube  does  not  amplify  the  potential  applied  to  it.  In 
fact,  the  potential  surge  produced  at  the  plate  end  of  the  plate  circuit 
resistor  by  the  plate  current  of  this  tube  is  probably  of  the  order  of 
one  one-hundreath  of  the  rise  of  potential  of  its  grid.  However,  this 
is  a  potential  surge  in  a  battery-fed  current  which  can  be  amplified 
readuy  without  unusual  precautions  regarding  insulation. 

The  constants  for  all  parts  of  the  circuit  are  given  below  the  diagram 
in  Figure  2.  Those  condensers  not  designated  by  a  letter  are  2 
microfarad  by-pass  condensers  to  shield  the  amplifier  from  extraneous 
pulses  picked  up  bv  battery  leads.  Thorough  shielding  of  the  whole 
amplifier  by  a  chviaed  metal  box  is  of  course  essential.  The  amplifier 
is  very  sensitive  to  high-frequency  oscillations  which  ruin  its  effective- 
ness by  setting  up  relaxation  oscillations  in  the  coupling  condensers. 


Figure  2. — Wiring  diagram  of  aviplificr 

1- Electrometer  tube;  2,  3,  4-224  tubes;  fi-247  tube;  n,  n,  ri, -260,000  ohms:  Ru  R*,  niegohm- 
J?i-2  megohms;  /?i-250,000  ohms:  .Bi-4.5  volts;  B%,  B%,  7J*-250  volts;  Ou  &'»,  Ci-25  volts;  GTi-250  volts 
Cu  Ct.  Ct- 1.5  volts;C«-25  volts;  XTi-0.0005  microfarad;  At,  Ki-0.1  microfarad;  KA -2 microfarad.  F(fila 
ment  battery  for  electrometer  tube) -0.8  volt.  ^4-10  volts  (1.75  amperes).  Condensers  not  designated  are 
2  microfarad  by-pass  condensers. 

Particular  note  is  to  be  taken  of  the  coupling  of  the  electrometer 
tube  to  the  rest  of  the  amplifier.  This  is  the  "distorting"  stage 
mentioned  by  Wynn-Williams  and  Ward.  It  is  verv  important  to 
have  the  time  constant  of  this  circuit  small.  The  value  used  here  is 
0.001  second.  Since  a  higher  value  of  grid  leak  was  required  than  that 
used  by  Wynn-Williams  and  Ward,  this  small  constant  is  secured  by 
using  a  smaller  coupling  condenser  (0.0005  microfarad).  For  some 
reason  that  does  not  seem  self-evident,  Leprince  Ringuet  was  able  to 
use  a  comparatively  slow  circuit  at  this  point  (0.04  second).  How- 
ever, he  does  not  give  a  diagram  of  his  complete  circuit  so  that  he 
may  have  introduced  the  "disotrtion"  at  a  later  stage.  It  may  be 
well  to  emphasize  that  it  is  not  safe  to  depend  merely  on  the  values 
of  the  resistances  and  capacities  given  and  to  construct  an  amplifier 
without  testing  its  performance  thoroughly  by  means  of  an  oscillo- 
graph. This  is  particularly  important,  of  course,  when  other  forms 
of  recording  are  to  be  used.  The  writer's  experience  indicates  that 
only  by  taking  careful  oscillograph  records  can  it  be  made  certain  that 
the  amplifier  is  functioning  properly. 
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III.  THE  IONIZATION  CHAMBER 

Wynn- Williams  and  Ward  describe  the  precautions  to  be  taken  in 
designing  ionization  chambers  for  use  with  an  amplifier  of  this  kind. 
The  guard-ring  type  of  chamber  is  particularly  suited  for  this  use,  but 
in  the  form  which  they  describe  the  "parasitic"  capacity  has  not 
been  reduced  to  a  minimum.  Their  design  is  shown  in  Figure  3(a). 
The  capacity  of  this  system  consists  of  (1)  that  between  the  window, 
W,  and  the  electrode,  E;  (2)  that  of  the  cylindrical  condenser  formed 
between  the  guard  ring,  G,  and  the  electrode,  E;  and  (3)  the  capacity 
of  the  lead,  L,  mainly  located  at  the  point  where  it  passes  through 
the  insulator,  S.  The  capacity  (1),  is  that  of  the  ionization  chamber 
itself  and  can  not  be  reduced  without  reducing  the  effective  volume 
of  the  chamber.  The  other  two,  however,  are  not  associated  with 
the  volume  of  the  chamber  and  any  means  of  reducing  them  will 
increase  the  sensitivity  of  the  arrangement.  Of  these,  (2),  that 
represented  by  the  cylindrical  condenser  between  the  electrode,  E, 


to  battery 


Figure  3. — Section  of  ionization  chambers 

and  the  guard  ring,  G,  is  by  far  the  largest.  In  fact,  it  may  be  several 
times  larger  than  the  rest  of  the  capacity  of  the  system,  particularly 
when,  as  in  the  chamber  described  by  Wynn-Williams  and  Ward., 
insulating  material  is  inserted  in  the  annular  gap  to  support  the 
electrode,  E.  This  difficulty  may  be  greatly  reduced  by  modifying 
the  internal  parts  of  the  ionization  chamber  as  shown  in  Figure  3  (6). 
The  electrode,  E,  and  the  guard  ring  here  have  tapered  edges  which 
reduce  the  capacity  at  this  point  to  a  minimum.  The  insulator  is 
removed  entirely.  The  lead,  L,  is  supported  by  two  large  insulators, 
//,  at  points  where  the  capacity  is  a  minimum.  This  requires  the 
lead,  L,  to  be  stiffer  and,  therefore,  of  larger  diameter,  but  the  actual 
increase  in  capacity  between,  say,  0.5  millimeters  and  a  1.5-millimeter 
rod  at  this  point  is  small  compared  with  the  reduction  of  capacity 
effected  by  the  modification. 

As  examples  of  the  kind  of  records  that  may  be  obtained  with  this 
amplifier  and  ionization  chamber,  reproductions  of  oscillograph 
records  are  shown  in  Figure  4  (a)  and  (b).  Figure  4  (a)  is  a  record 
of  a  particles  obtained  in  the  presence  of  /3  and  H  radiation  and 
indicates  the  ease  with  which  different  types  of  radiation  may  be 
identified.  Figure  4  (6)  a  blank  record  on  the  same  time  scale,  indi- 
cates the  nature  of  the  zero  line  in  the  absence  of  radiation.  The 
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unsteadiness  in  this  line  is  made  up  of  a  combination  of  effects,  such 
as  shot  effect  in  the  first  tube,  sound  vibrations  in  the  ionization 
chamber,  and  mechanical  shock,  all  of  which  may  set  up  small  pulses 
in  the  amplifier.  The  ionization  chamber  with  a  thin  metal  window 
is  a  sensitive  microphone  which  must  be  shielded  as  far  as  possible 
from  all  sound.  The  zero  line  is  much  less  steady  than  that  shown 
if  reasonable  precautions  are  not  taken  to  shield  the  complete  ampli- 
fier from  noise  and  mechanical  shock. 

The  tallest  peaks  in  Figure  4  (a)  are  due  to  a  particles  and  vary 
slightly  in  height  as  a  result  of  differences  in  speeds  and  in  lengths 
of  patns  of  the  particles  as  they  traverse  the  ionization  chamber  in 
different  directions.  The  shortest  sharp  peaks  are  produced  by 
H  particles  and  are  roughly  of  one-fourth  the  height  of  the  peaks 
due  to  a  particles.  Since  a  high-speed  a  particle  produces  about  the 
samo  ionization  as  a  low-speed  H  particle,  there  are  some  peaks  of 
intermediate  height  which  could  not  be  identified  merely  by  a  study 
of  the  record.  Since  a  /?  particle  has  only  about  one  two-hundredtn 
of  the  ionizing  power  of  an  a  particle,  the  ionization  of  the  /3  particles 
merge  with  the  extraneous  disturbances  and  can  not  be  identified  with 
certainty  from  the  record.  This  makes  it  clear  why  a  and  H  particles 
can  be  recorded  by  this  method  in  presence  of  y  radiation.  This  is 
not  possible  with  the  Geiger  counter  since  the  secondary  0  rays  pro- 
duce pulses  which  can  not  readily  be  differentiated  from  those  due  to 
a  particles. 
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INFRA-REX)  SPECTRA  OF  HELIUM 

By  William  F.  Meggers  and  G.  H.  Dieke 1 


ABSTRACT 

Employing  Xenocyanine  photographic  plates  to  explore  the  infra-red  spectra 
of  helium  emitted  by  a  Geissler  tube  used  "end-on"  about  120  new  lines  were 
recorded  in  the  spectral  interval  8,361  to  11,045  A.  Analysis  of  these  data  shows 
that  32  of  the  lines  belong  to  the  arc  spectrum  of  neutral  He  atoms  (He  i)  and 
the  remainder  are  ascribed  to  the  band  spectrum  of  the  He*  molecule.  The  He  i 
lines  are  accounted  for  as  combinations  of  previously  known  terms  and  as  exten- 
sions to  the  fundamental  series,  while  the  Hes  lines  for  the  most  part  represent 
hitherto  lacking  intercombinations  between  groups  of  terms  which  account  for 
the  visible  bands  of  helium. 
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I.  INTRODUCTION 

The  spectra  of  helium  have  been  investigated 2  so  extensively  that 
they  would  appear  to  have  been  exhausted.  However,  the  recent 
discovery  of  a  remarkable  new  infra-red  sensitizer,  Xenocyanine,  by 
the  Eastman  Kodak  Research  Laboratories*  has  greatly  extended 
the  photographic  range  of  spectra,  and  use  of  these  plates  at  the 
Bureau  of  Standards  nas  revealed  many  new  lines  in  the  emission 
spectra  of  chemical  elements.  Up  to  the  present,  the  longest  pub- 
lished wave  length  observed  photographically  from  helium  was 
7,281  A,  but  with  Xenocyanine  plates  120  lines  have  been  recorded 
in  the  infra-red  between  8,361  and  11,045  A.  In  this  range,  only  the 
reasonance  line  at  10,830  A  was  known,  since  its  detection  radio- 
metrically  by  Paschen4  in  1908.  Analysis  shows  that  32  of  the  above 
lines  belong  to  the  He  I  spectrum,  while  the  remainder  are  ascribed 
to  the  band  spectrum  of  the  He2  molecule. 

II.  EXPERIMENTAL 

The  source  of  the  infra-red  He  spectra  described  in  this  paper  was 
a  Geissler  tube  made  by  Robert  Goetze  in  Leipzig.  It  had  a  narrow 
capillary  and  was  designed  for  end-on  projection  of  the  light  into  the 

i  Associate  Professor  of  Physics,  The  Johns  Hopkins  University, 
"i  H.  Kayser,  Handbuch  der  Spectroscopy,  vol.  5,  p.  606.  1912.  H.  Kayser,  and  H.  Konen,  Eandbuch 
dor  Spectroscopic,  vol.  7,  p.  606,  1930. 

» C.  B.  K.  Meet,  J.  Opt.  Soc.  Am.,  vol.  22,  p.  204.  1932. 

« r.  Paschen,  Ann.  der  Phys.  (4),  vol.  27,  p.  437, 1908. 
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spectrograph.  The  tube  was  operated  with  uncondensed  discharges 
from  a  40,000-volt  transformer,  the  primary  of  which  was  fed  by  5 
or  6  amperes,  60  cycle,  alternating  current,  110  volts. 

A  concave  grating  spectrograph  in  Wadsworth  mounting6  was 
employed  in  recording  the  spectra  on  Xenocyanine  plates,  the  He 
exposure  being  made  in  the  first  order  spectrum  in  which  the  disper- 
sion is  10.26  A  per  millimeter.  Comparison  spectra  of  the  iron  arc 
were  photographed  in  the  second  order  of  the  grating,  above  and 
below  the  He  exposure,  and  wave-length  measurements  were  based 
on  the  internationally  adopted  secondary  standards.*  The  duration 
of  exposure  averaged  16  hours  for  He  and  2  minutes  for  Fe. 

The  appearance  of  such  a  large  number  of  new  lines  in  the  He 
exposures  first  suggested  the  presence  of  impurities  or  spurious  lines, 
but  careful  examination  showed  that  the  O  i  triplet  at  9,260.9, 
9,262.8,  and  9,266.1  A  was  the  only  impurity,  and  no  evidence  of 
Lyman  ghosts  was  found.  It  was  immediately  suspected  that  most 
of  the  lines  in  this  region  must  be  due  to  the  He2  molecule,  but  the 
production  of  this  band  spectrum  under  the  conditions  of  excitation 
employed  was  somewhat  surprising.  It  is  well  known  that  the 
ordinary  Geissler  tube  of  He  excited  by  uncondensed  discharges 
shows  only  the  so-called  arc  spectrum,  He  i.  The  band  spectrum 
of  the  He  2  molecule  is  excited  with  great  intensity  by  using  a  higher 
pressure  of  He  in  a  discharge  tube  with  a  large  bore  in  place  of  the 
usual  capillary,  and  passing  through  it  discharges  from  an  induction 
coil  or  transformer  with  a  condenser  in  parallel  and  a  small  spark  gap 
in  series  with  the  tube,7  but  it  appears  also  with  uncondensed  dis- 
charges in  tubes  with  a  very  fine  constriction  in  the  bore.8  The  latter 
conditions  are  approximated  by  the  tube  described  above,  and  prob- 
ably account  for  the  production  of  the  observed  mixture  of  He  i  and 
Hea  spectra. 

III.  RESULTS 

1.  THE  He  I  SPECTRUM 

The  Bohr  model  of  a  neutral  He  atom  consists  of  a  nucleus  and 
two  electrons  so  that  its  characteristic  spectrum  must  resemble  that 
of  alkaline  earths  with  two  valence  electrons.  Its  energy  states 
must  comprise  a  system  of  singlet  terms  and  a  system  of  triplet 
terms,  among  which  singlet  S  (^S©)  represents  the  normal  state  of 
the  atom. 

Analysis  of  the  structure  of  the  He  i  spectrum  has  been  summarized 
in  treatises  on  spectral  series9  in  which  singlet  and  doublet  systems 
are  described.  In  the  last  treatise,  it  is  shown  that  the  doublet 
system  is  in  reality  a  triplet  system  in  which  the  level  separations  are 
so  small  that  they  are  difficult  to  detect.  Partial  resolution  of  the 
3P  terms  gave  the  impression  of  doublets  in  the  spectrum.  Since  the 
new  infra-red  (He  i)  lines  are  all  accounted  for  as  combinations  of 
known  terms  or  extensions  of  known  series  we  are  presenting  our 
results  in  Table  1  in  Grotrian's  modern  notation.    Table  1  may, 


•  W.  F.  Meggers  and  K.  Burns.  B.  8.  Scl.  Paper  (No.  441),  vol.  18,  p.  191,  1922. 

•  Trans.  Internal  Astron.  Union,  vol.  3,  p.  80,  1928. 
»  W.  E.  Curtis,  Proc  Roy.  8oc.  A  89,  p.  140,  1913. 

•  T.  R.  Merton  and  J.  0.  Pilley,  Proc.  Roy.  Soc.  A  109,  p.  207,  1926. 

•A.  Fowler.  Series  In  Line  Spectra,  p.  91,  Fleetway  Press,  London,  1922,  F.  Pasehen  and  R.  Doe  tie, 
Seriengcsetie  der  Llnk-nspoktren.  p.  26.  Julius  Springer,  Berlin,  1V22,  W.  Orotrian,  Iiandbuch  der  Astro- 
pnyslk,  vol.  3,  p.  555,  Julius  Springer,  Berlin,  1930. 
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however,  be  regarded  as  an  extension  to  the  He  tables  in  any  of  the 
above-mentioned  reports. 

Table  1. — He  i 


Fundamental  series  3'D- 12,205.09.  VD-m'F 


In- 

ten- 

m«F 

sity 

18.093.4 

2 

5,348.0 

4 

6.857. 1 

12,792. 2 

1 

7,815. 1 

5 

4.390.0 

10, 917. 0 

3 

9. 157. 5 

6 

3,017.8 

10,031. 16 

15 

9.  mi  20 

7 

2,038.9 

9, 529.  27 

4 

10.491. 10 

8 

1,714.0 

9. 213. 1 

1 

10.85L1 

y 

1,354.0 

Fundamental  serios  3>I>- 12,209.10.  VD-m»F 


18, 684. 2 

3 

5,350.71 

4 

6.858.39 

12.784.6 

1 

7,819.89 

5 

4, 389.  21 

10, 012  95 

6 

9, 190, 92 

6 

3.0*9.82 

10. 027. 73 

40 

o.  um.  ei 

7 

2, 239.  49 

9,526. 17 

10 

10. 494. 52 

8 

1. 714. 58 

9, 210.  28 

6 

10, 854. 46 

9 

1, 354.64 

8,996.7 

2 

11,112.1 

10 

1,097.0 

8,815.0 

1 

11.302,7 

11 

906.4 

Combinations 


X.lr 

In- 
ten- 
sity 

Combina- 
tion 

10,233.0 
9,682.4 

2 
1 

9.769.6 
10, 325.  2 

3'P-  7'S 
3»P-  8>8 

11.045.  I 
10, 138.  50 
9, 625.  80 
9,303.2 
9,085.6 

1 

10 
3 
2 
1 

9. 051. 3 
9,  K60.  60 
10. 385. 90 
10, 746. 0 
11,003.4 

3«P-  6'D 
3'P-  7>D 
3'P-  8'D 
3'P-  9>D 
3iP-10»D 

11.013.1 
9,603.50 
8,914.7 

1 
6 
2 

9,077.6 
10,410.01 
11,2114 

3' 3-  5'P 
3'S-  6'P 
3'S-  7'P 

10, 667.  62 
9,702.66 
9,346.2 

4 

10 
2 

9, 371.  60 
10, 303.  63 
10,898.8 

3'P-  6*8 
3«P-  7»S 
3>P-  8'S 

10,311.32 
9.516.70 
9,063.40 

40 
30 
6 

9, 695.  43 
10. 504.  97 
11,030.36 

3»P-  6*D 
3»P-  7»D 
3'P-  8»D 

10.072. 10 
9,552  8 

2 
1 

9,925.70 
10,465.3 

3»D-  7»P 
3»D-  8»P 

9.463.66 
8,361.7 

60 
3 

10,563.84 
11,956.0 

3»S-  5»P 
3*8-  6»P 

The  so-called  fundamental  (hydrogenlike)  series  of  He  have  been 
extended  from  2  to  6  members  in  the  singlet  system  and  from  2  to  8 
in  the  triplet  system,  the  first  two  lines  of  each  series  representing 
the  radiometric  observations  of  Paschen,  so  that  the  intensities  of 
these  are  not  to  be  compared  with  the  photographic  estimates  of 
the  remainder.  The  third  line  of  each  series  lies  close  to  11,000  A, 
and  to  compensate  for  declining  photographic  sensitivity  their  esti- 
mated intensities  should  be  multiplied  by  10  or  more  to  make  them 
comparable  with  the  succeeding  lines. 
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2.  THE  He,  BANDS 

The  known  energy  levels  of  the  helium  molecule 10  may  be  regarded 
as  originating  from  a  single  valence  electron  and  may  therefore,  be 
classified  as  «2,  p2,  pll,  d&,  etc.,  levels  in  which  the  s,  p,  d  mean,  as 
in  atomic  spectra,  that  the  orbital  moment  of  the  valence  electron  is 
0, 1,2,  whereas  the  symbols  2,  n,  A  designate  the  component  A  of  this 
orbital  momentum  along  the  internuclear  axis.  The  low  levels  which 
are  the  final  states  in  the  transitions  which  give  rise  to  the  visible 
helium  bands  are  2s2,  2pUf  and  2p2.  The  negative  s  and  d  levels 
combine  with  the  2p2  and  2pIT  levels,  whereas  the  positive  p  levels 
combine  with  the  2s2  level.  This  fact  divides  the  terms  of  the  helium 
molecule  into  two  groups,  the  2s2  level  and  those  terms  which  com- 
bine with  it  on  the  one  hand  and  the  2p2  and  2pU  levels  and  those 
terms  which  combine  with  them  on  the  other  hand.  The  relative 
term  values  in  each  group  can  be  determined  with  the  accuracy  of 
the  wave-length  measurements,  but  the  relative  position  of  the  two 
groups  can  only  be  determined  by  calculating  the  limits  of  two 
Kydberg  series.  This  is  due  to  the  fact  that  all  the  intercombinations 
between  the  two  groups  which  are  allowed  by  the  selection  rules 
must  fall  in  the  infra-red  and  were  not  observed  so  far. 

The  new  lines  in  the  infra-red  given  in  the  present  paper  are  partly 
due  to  just  such  transitions.11  The  most  prominent  band  in  this 
region  has  its  head  at  9,123  A  and  is  due  to  a  transition  2^2  -»  2s2. 
(See  Table  2.) 

Table  2. — Hc2 


Band  at  9,123  A      2pZ  -  2lZ 


P  branch 

R  branch 

K 

X 

I 

» 

X 

1 

* 

1 

9,193.55 

4 

10,874. 21 

9,158.92 

4 

10,915.32 

3 

9,  222.  96 

10 

839.53 

42  23 

12 

935.25 

6 

67.60 

20 

790.09 

30  66 

10 

949.  11 

7 

97.14 

20 

753.05 

24.29 

8 

956.  75 

9 

9,341.91 

16 

701.51 

23.17 

6 

958,  10 

11 

9L90 

10 

644.65 

27.34 

5 

953.09 

13 

9,447. 12 

8 

582.34 

37.00 

5 

941.51 

16 

9,  W»7. 74 

8 

614.86 

52.23 

5 

923.30 

17 

73.90 

7 

442L20 

73.18 

6 

h9S.36 

19 

9,645.68 

7 

364.49 

9,200.00 

5 

8C6.  59 

21 

9.723.33 

6 

281.72 

33.03 

3 

827.71 

23 

9,  807. 13 

5 

193.  87 

72.60 

2 

781.50 

25 

97.47 

3 

100.82 

27 

9.994.6 

1 

002.7 

Band  at  9,346  A 

2pX>  -» 2*Z> 

1 

9,376  6 

1 

10. 661. 9 

3 

9,441.6 

2 

10,588.5 

60  67 

2 

680  07 

5 

77.72 

8 

548. 17 

60  50 

2 

691. 69 

i 

9,519  33 

3 

501.  99 

46.2 

2 

m,e 

9 

67.06 

3 

449.64 

4K.  0 

2 

694.5 

11 

9,62a  88 

2 

391. 21 

55.70 

2 

685.74 

13 

SO.  54 

2 

327.17 

69.8 

1 

m.7 

15 

9,740.61 

2 

257.  13 

9a  3 

1 

646.4 

17 

9,819.  18 

2 

181.36 

19 

98  67 

2 

CW.60 

21 

0,985.43 

1 

011.86 

i*  All  the  bands  discussed  in  this  paper  belong  to  the  triplet  system.  The  triplet  separation,  however, 
Is  so  small  that  the  lines  appear  single,  except  in  some  cases  under  very  high  dispersion.  The  singlet  system 
is  weaker  and  much  less  completely  known.  No  singlet  bands  were  found  in  the  region  under  investigation. 

»  On  photographs  sent  to  one  of  us  two  years  ago  by  Prof.  T.  Takamine  which  were  taken  on  Neocya 
nine  plates  under  low  dispersion,  the  presence  of  hands  la  the  infra-red  could  be  seen.  The  dispersion 
was  not  large  enough,  however,  to  permit  an  analysis. 
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Both  the  initial  and  the  final  state  of  this  band  are  already  known. 
The  final  state  is  that  of  the  so-called  main  series  l*  (2s  — np  in  the 
old  notation)  which  contains  the  most  prominent  bands  of  the 
spectrum.  The  initial  state  2p2  is  the  final  state  of  a  group  of 
bands,  the  first  of  which  was  discovered  by  Merton  and  Pilley  13 
and  which  are  described  in  full  elsewhere.14 

The  combination  relations  given  in  Table  3  prove  the  identity  of 
the  band.  The  second  column  (marked  new)  gives  the  rotational 
differences  of  the  final  state 

R{K-  1)-P(K+ 1)  -  2s2(K+ 1)  -  2s2(K- 1) 

The  next  column  gives  the  average  of  the  same  differences  obtained 
from  the  bands  of  the  main  series.15  The  agreement  is  very  good 
which  proves  that  2s2  must  be  the  final  state  of  the  band. 

In  the  same  way  we  prove  from  the  agreement  of  the  differences 

R(K)  -  P(K)  =  2pX(K+ 1) -2p2(K- 1) 

given  in  column  7  for  the  new  band  and  in  column  8  for  the  previously 
known  bands  which  have  2pZ  as  final  state  that  2p2  is  the  initial 
state  of  the  new  band.  The  band  has  only  a  P  and  R  branch  as 
must  be  expected  for  a  2  — >  2  transition. 

There  is  a  fainter  band  of  exactly  the  same  structure  with  its  head 
at  9,346  A.  (See  Table  2.)  It  is  the  2p2  1  ->  2s2  1  band  which  has 
the  same  electronic  transition  as  the  band  at  9,123  A  mentioned 
above,  but  al-»l  vibrational  transition  (instead  of  0  -»  0  for  X  9,123). 
The  columns  4  and  5  of  Table  3  prove  in  the  same  way  as  explained 
above  for  the  main  band  that  2s2  1  is  actually  the  final  state.  The 
initial  state  2pZ  1  was  not  known  before. 


Table  3. — Combination  relation* 


24X(K+l)-2lZ(K-l) 

K 

P-0 

s-1 

K 

r-0 

*- 1  (new) 

New 

New 

Now 

2 

75.79 

75.80 

73.4 

73.39 

1 

41.11 

41.07 

4 

138. 18 

136.20 

131.90 

13L87 

8 

95.72 

95.69 

91.57 

6 

196.06 

196.06 

189.70 

189.84 

5 

150.02 

150.00 

143.52 

8 

255.24 

255.22 

247.0 

247.08 

7 

203.70 

203.69 

194.61 

10 

313.65 

813. 49 

303.3 

303.47 

9 

256.59 

256.61 

248.86 

12 

37a  75 

87U  76 

358.57 

358.63 

11 

308.54 

308.56 

2W.53 

14 

426.65 

420.63 

4126 

412  60 

13 

359. 17 

359. 14 

342.53 

16 

481.10 

48L07 

465.0 

465.03 

15 

4  08. 44 

408.22 

889.27 

18 

533.87 

533.85 

17 
19 

456.  16 

456.  45 

20 

584.87 

584.91 

502  10 

22 

633.84 

633 

21 

545  99 

24 

6S0.68 

680 

23 

587.63 

Besides  the  two  bands  given  above,  we  must  expect  in  this  region 
the  bands  3«2  — »  2p2  and  the  whole  3c?  — *  2pX  complex.  Only  a  few 
lines  of  the  3s2  -»  2j>2  band  could  be  identified  near  10,400  A.  The 
sensitiveness  of  the  photographic  plate  in  this  region  is  already  too 


»  W.  E.  Curtis  and  R.  O.  Long.  1'roc.  Roy.  Soc.,  A  108.  p.  513.  h»25. 
"  T.  R.  Merton  and  F.  O.  PUley,  Proc.  Roy.  Soc.,  A  10y.  p.  267, 1925. 
»♦  O.  H.  Diekc,  S.  Imantsbi.  and  T.  Takaminr,  ZS.  f.  Phys.,  vol.  57,  p.  305  1929 
u  Mainly  Irom  unpublished  data  In  the  posacsaion  of  one  of  the  authori 


«  Mainly  from  unpublished  data  In 
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weak  to  allow  also  the  weaker  lines  to  be  recorded.  The  3d  -»  2p2 
complex  is  completely  present,  it  is  given  in  Table  4.  The  calculated 
frequencies  are  obtained  with  the  help  of  the  known  differences  be- 
tween the  2pS  and  the  2pU  states.  This  band  complex  shows  the 
same  characteristics  as  the  Ad  ->  2pX  complex.18  The  P  branch  of 
3d2  -»  2pS  is  practically  absent,  and  the  H  branch  of  SdU  ->  2pX 
can  not  be  found  at  all.  This  is  due  to  the  decoupling  of  the  orbital 
momentum.  The  band  ZdA  — >  2pS  is  entirely  absent.  It  is  forbidden 
if  the  orbital  momentum  is  coupled  to  the  internuclear  axis,  as  A 
would  change  by  two  units.  For  the  3d&  states  the  decoupling  is  still 
very  small.  For  the  4dA  and  5dA  states  it  is  much  bigger,  and,  there- 
fore, the  transitions  from  these  states  to  the  2p2  state  are  present, 
though  with  faint  intensity. 

Also  the  5pU,  6pU,  etc.,  -*  3sS  transitions  have  to  be  expected  in 
this  region.  But  they  are  apparently  much  weaker  than  the  bands 
mentioned  above  and  were  not  found. 

Table  4. 


Sd  2  ->  2-pZ 


K 

P  branch 

R  branch 

I 

reb«. 

I 

rob*. 

0 
2 
4 
8 

8 

10 
12 
14 

16 

18 

10,087.70 
71.75 
66.26 
53.00 
4a  11 

28.02 
12. 13 
599.29 
87.44 

1 
3 
4 
5 
4 

4 

3 
2 
2 
2 

10, 067. 6 
71.58 
66. 17 
53. 72 
40.09 

26.03 
12.06 
599.03 
87.6 
76.3 

10,020.07 
676.06 
515.26 
450.20 

883.61 
317.47 
252.97 
190.86 



■  2d 
>8 
«3 

1 

1- 

1- 

10,670.3 
514.86 
449.04 

383.38 

317.5 

252.8 

>  Confused  with  R\%. 

>  Masked  by  Pi$  of  9,123.  «  From  P*  of  X  9,346. 


Sd  n  -»  2pZ 


K 

P  branch 

Q  branch 

R  branch 

1-e.L. 

I 

'oh: 

'otic. 

I 

rebt. 

•><*!•. 

I 

*©b.. 

0 
2 
4 
6 
8 

10 
12 
14 
16 
18 

10, 897. 18 
932. 61 
990. 40 

11,050.84 
110.86 

169.68 

226.19 
280.75 
333.25 

14863.00 
37.24 
4a  42 
4a  96 

54.42 

6a98 
67.05 
72.10 

ia863.77 
60.16 
M.84 
48.36 

41.67 
34.69 
28.43 
23. 17 

2 
2 
»6 
2 

10,863.8 
60.02 
54.46 
48.32 

41.2 

34.44 

28.4 

23.2 

19.2 

1 

ia837.14 
(>) 
46.8 

54.40 
60.9 

<?,., 

2 

»0 

1 

1 

•  Too  close  to  Pi  of  X  0,123.  »  P*,  Q»,  and  VD-9*F.  »  Too  close  to  Ra. 


3.  CONSTANTS 

The  constants  wnich  can  be  calculated  from  the  bands  at  9,123  and 
9,346  A  are 

X  9,123 :2«2->2p2       v0  =  10,889.59 
X  9,346 :  2s2,->2p2      r0  -  1 0,637.8 


»  O.  H.  Diaka,  Z8.  f.  Pfaya.,  vol.  57.  p.  71, 1029. 
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From  these  values  for  the  origins  of  the  bands  it  follows  that  the 
difference  between  the  first  and  second  vibrational  state  of  the  initial 
electronic  level  is 

for2p2       co  =1,481.0 

if  the  value  of  co  for  2*2  is  1,732.8. 
The  rotational  constants  are 

2pSu  =  0       5  =  6.851       0  =  5.42. 10-4 
u=l       5  =  6.55 

in  which  B  and  0  are  the  constants  in  the  formula 

B(K+W-p(K+%)* 

for  the  rotational  energy. 

It  is  interesting  to  note  that  the  values  B  and  co  for  the  2pZ  state 
are  the  smallest  of  all  levels  observed  so  far.  This  means  that  the 
bond  which  holds  the  two  atoms  together  is  weakest  for  the  2p2 
state.    It  is  weaker  than  for  the  He2+  ion  for  which  the  constants  are 

£  =  7.1017 

co  =  1,627.2 18 19 

As  stated  above  it  is  possible  now  with  the  help  of  the  2p2— »2s2 
band  to  calculate  all  the  relative  term  values  of  tne  triplet  system  with 
the  accuracy  of  the  wave-length  measurements.  In  order  to  obtain 
the  absolute  energy  values  it  is  necessary  to  calculate  the  limit  of  one 
Rydberg  series.    We  take 

2s  =  34,301.8 

which  is  the  value  which  Curtis  and  IiOng  90  calculated  from  the  limit 
of  the  series  npTL  — >  2s2.21    Then  we  get  for  the  other  low  terms 

2pII  =  29,533.7 
2pX  =  23,412.2 

All  other  terms  can  then  be  easily  calculated  from  the  zero  lines  of 
the  bands  which  have  the  level  in  question  as  initial  level. 

The  2pII  term  can  also  be  directly  calculated  as  head  of  the  ns2— > 
2»n  series.  The  value  obtained  in  this  way  is  2/)II  =  29,530.7.w 
The  difference  of  only  3  cm-1  between  this  value  and  the  value  given 
above  shows  how  well  the  terms  can  be  represented  by  a  Rydberg 
series. 

Finally,  all  of  the  infra-red  He  lines  observed  photographically  are 
presented  in  order  of  increasing  wave  length  in  Table  5,  in  which  the 
column  headings  are  either  self-explanatory  or  given  by  the  key  to  the 
classifications. 


«  See  footnote  18,  p.  128. 

«» W.  Welse!  and  E.  Pestel,  Z8.  f.  Phys.,  vol.  56,  p.  197,  1929. 

»•  S.  Imanishi,  Sc.  Pa.  Inst.  Phys.  Chem.  Res.,  vol.  11.  p.  139,  1929. 

*  See  footnote  12,  p.  126. 

11  It  we  assume  the  value  calculated  in  the  usual  way  from  the  head  of  a  Rydberg  series  we  assume  that 
the  actual  levels  which  have  half  a  quantum  of  vibrational  energy  follow  the  Rydberg  law.  It  looks  more 
plausible  to  assume  that  the  actual  electronic  levels;  that  is,  the  levels  extrapolated  to  no  vibrational  energy 
are  the  ones  which  obey  the  Rydberg  formula  more  closely.  Imanishi  (see  footnote  19)  has  calculated  the 
limit  of  the  npn-»  2*2  series  under  this  assumption  and  found  a  somewhat  different  value  for  2»Z.  But 
also  this  procedure  is  open  to  objections  as  the  different  orientation  for  the  orbital  momentum  cause  a  shift 
and  splitting  up  of  the  levels.  (The  sS  terms  would  be  free  from  this  objection.)  On  account  of  this 
complication,  and  because  the  absolute  values  of  the  energies  are  of  very  little  importance  for  most  purposes 
anyway,  we  have  chosen  the  old  value  of  Curtis  and  Long  rather  than  that  of  Imanishi. 

»  O.  H.  Dieke,  Phys.  Rev.,  vol.  38,  p.  646,  1931. 
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Table  5. — Infra-red  He  spectra 
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Table  5. — Infra-red  He  spectra — Continued 
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TESTS  OF  CELLULAR  SHEET-STEEL  FLOORING 

By  J.  M.  Frankland 1  and  H.  L.  Whittemore 


ABSTRACT 

The  strength  and  elastic  properties  of  a  new  type  of  cellular  steel  structural 
floor  were  determined.  The  floor  panels  were  made  from  12,  14,  16,  and  18 
United  States  standard  gage  special  corrugated  sheets  which  were  spot-welded 
together  into  panels  2  feet  wide  and  about  11  feet  long.  The  weights  ranged 
from  8  to  16  lbs./ft.'  The  specimens  were  tested  under  transverse  loading  at  the 
quarter  points,  measurements  of  strain  and  deflection  being  taken  at  mid-span. 
It  was  found  that  the  Euler-Bernoulli  theory  commonly  used  in  designing  beams 
could  be  applied  satisfactorily  to  predict  the  elastic  behavior.  On  10-foot  spans, 
the  floor  panels  behaved  elastically  under  loads  equal  to  or  greater  than  those 
which  would  produce  a  deflection  of  one-three  hundred  and  sixtieth  of  the  span. 
The  maximum  load  was  in  all  cases  considerably  higher  than  the  limit  of  elasticity 
of  the  panels  and  assured  a  considerable  margin  of  safety  against  overloading. 
The  sections  were  very  stable  under  the  concentrated  loads  and  reactions. 

The  tensile  properties  and  Young's  modulus  of  elasticity  were  determined  for  the 
sheet  steel  used  in  the  floor  specimens,  as  was  also  the  shearing  strength  of  the 
spot  welds. 
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I.  INTRODUCTION 
1.  GENERAL 

Modern  practice  in  building  construction  often  provides  a  structural 
steel  frame  on  which  is  carried  the  walls  and  floors.  The  walls  provide 
protection  against  weather,  the  floors  carry  the  actual  weight  of  the 
occupancy.    The  floor  beams  inclose  areas  usually  15  to  25  feet  square 

1  Research  Associate  representing  the  American  Institute  of  Steel  Construction,  New  "iork,  N.  Y. 

131 

Digitized  by  Google 


132 


Bureau  of  Standards  Journal  of  Research 


[va.9 


which  are  filled  in  with  a  variety  of  constructions.  A  concrete  slab  is 
often  used,  with  or  without  the  use  of  steel  or  concrete  secondary 
beams.  Tile  arches  with  reinforcement  are  sometimes  used,  or  else  a 
combination  of  concrete  and  tile  construction.  For  all  these  con- 
structions the  weight  of  the  floor  is  usually  greater  than  the  live  load 
it  is  designed  to  carry,  often  considerably  so.  The  cost  of  the  steel 
frame  and  the  foundations  is  therefore  greatly  influenced  by  the 
weight  of  the  floor  construction.  Consequently  many  engineers  and 
manufacturers  are  endeavoring  to  design  and  produce  a  load-carrying 
member  for  a  floor  which  will  be  lighter  and  more  convenient  than 
these  already  in  use.  It  would  be  desirable  to  have  a  lightweight 
unit  which  would  lend  itself  to  the  possibilities  of  mass  production  and 
at  the  same  time  could  be  economically  shipped  to  the  site  and  laid 
rapidly  in  place,  affording  workmen  at  once  a  working  floor  and  a 
place  for  storing  materials.  At  present  the  greatest  possibilities  seem 
to  he  in  metal  construction. 

The  advantages  to  be  gained  by  the  use  of  a  lightweight  floor  in 
buildings  are  apparent.  For  bridges  also  such  a  floor  would  be 
desirable.  As  W.  H.  Thorpe  has  shown  2  for  a  bridge  of  given  general 
type,  the  load-carrying  capacity  per  pound  of  structure  depends 
primarily  on  the  span  and  the  ratio  of  live  load  to  weight  of  the  floor 
system.  For  long-span  bridges  and  tall  buildings  the  weight  of  floors 
has  a  cumulative  effect.  If  the  dead  loads  due  to  the  floor  system 
can  be  reduced,  it  will  result  in  a  much  greater  reduction  in  the  total 
weight  of  the  structure,  making  possible  very  appreciable  economies 
in  material  in  these  two  fields. 

2.  THE  CELLULAR  FLOOR 

Sheet  steel,  which  is  now  one  of  the  leading  products  of  the  steel 
industry,  can  be  readily  formed  into  corrugated  sheets  in  thicknesses 
up  to  7  gage.8  The  load-carrying  properties  of  these  sheets  may  be 
materially  increased  by  adding  another  sheet,  flat  or  corrugated,  to 
form  a  cellular  construction.  The  two  sheets  may  be  either  riveted 
or  welded  together,  the  latter  process  being  particularly  adapted  to 
large-scale  production.  A  panel  made  in  such  a  way  would  be 
characterized  by  longitudinal  stiffening  cells.  Such  a  construction 
lends  itself  to  an  economic  use  of  the  material,  as  much  of  it  as  pos- 
sible being  stressed  to  the  allowable  working  stress,  resulting  in  a 
beam  of  high  strength  in  proportion  to  its  weight. 

Panels  of  this  sort  seem  well  suited  for  the  construction  of  floors. 
They  could  be  shop  fabricated  and  shipped  to  the  construction  site 
where  they  would  be  available  for  rapid  placing  to  form  a  continuous 
working  floor  as  soon  as  the  beams  were  erected  to  carry  them.  The 
cellular  structure  provides  also  a  system  of  ducts  which  appears  to 
offer  possibilities  of  considerable  economy  in  running  plumbing,  heat- 
ing and  ventilating,  electrical,  and  compressed-air  lines. 

Experiments  by  a  manufacturer  resulted  in  the  development  of  two 
types  of  sheet  steel  cellular  floor  panels  which  appeared  to  have 
sufficient  strength.  These  are  shown  in  Figures  1  and  2.  The  panels 
are  2  feet  wide  and  any  desired  length  up  to  12  feet.  The  sheets  are 
joined  by  spot  welds. 

*  Steel  Bridge  Weights.  Engineering,  vol.  120.  p.  534, 1025. 

1  0.188  inch.    United  States  standard  gage  for  sbeet,  plat«,  Iron,  and  steel. 
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The  manufacturer's  experiments  indicated  that  panels  weighing  in 
the  neighborhood  of  10  lbs./ft.2  would  be  adequate  for  most  floor 
loads.  The  dead  load  of  such  a  floor  would  consequently  be  due  for 
the  major  part  to  the  fireproofing  and  floor  finish.  It  has  been  esti- 
mated that  with  this  construction  there  can  be  saved  about  one-half 
of  the  dead  load  due  to  the  floor  compared  to  constructions  now  in 
common  use,  this  saving  varying  somewhat  with  the  live  load  and 
being  subject  to  modification  according  to  local  requirements  for 
fireproofing. 

Before  putting  such  a  new  construction  into  service,  it  was  con- 
sidered advisable  to  make  a  thorough  study  of  the  panels  under  load 


Types  A  k  C 
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Type  B 

Figure  2. — Sections  of  floor  panels 

numerical  values  of  tho  dimensions  Indicated  by  letters 
given  in  Table  2  for  each  specimen. 

to  see  how  closely  their  performance  could  be  predicted  by  conventional 
engineering  theory. 
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III.  DESCRIPTION  OF  THE,  SPECIMENS 

The  specimens  were  of  three  types,  sections  of  which  are  shown  in 
Figure  2.  Types  A  and  C  consisted  of  two  corrugated  sheets  and 
type  B  of  one  corrugated  sheet  and  a  flat  sheet,  the  bottom  sheets 
being  of  the  same  dimensions  for  each  type.  The  corrugated  upper 
surface  was  designed  to  bind  with  a  surface  slab  of  concrete  or  similar 
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material.  The  troughs  in  the  top  sheet  also  offer  certain  advantages 
•  in  laying  pipes  and  ducts.  If  a  concrete  slab  is  not  used,  the  troughs 
can  be  covered  with  sheet-metal  channels  to  give  a  smooth  upper 
panel  surface.  Cork,  rubber  tile,  or  linoleum  may  be  laid  directly 
on  the  flat  top  sheet  of  the  panels  of  type  B.  Different  strengths 
were  obtained  by  varying  the  thicknesses  of  top  and  bottom  sheets. 
Type  C  differed  from  tyj>e  A  in  having  the  lower  corrugations  cut 
away  for  a  distance  of  6  inches  from  each  end,  the  projecting  portion 
of  the  top  sheeting  being  reinforced  in  the  manner  snown  in  Figure  1. 
There  was  no  reinforcement  of  the  welds  at  the  ends  of  the  bottom 
corrugations.  The  object  of  this  design  was  to  enable  this  type  of 
panel  to  be  framed  into  the  floor  beams  with  the  top  sheet  lying 
directly  on  the  upper  flange,  thus  reducing  the  distance  from  the 
finished  floor  surface  to  the  ceiling  immediately  below. 

Where  the  top  and  bottom  sheets  of  a  panel  were  in  contact  between 
the  cells,  they  were  joined  by  two  rows  of  three-eighths-inch  spot 
welds,  the  welds  being  about  IK  inches  apart  in  each  row.  The 
horizontal  portion  of  the  assembled  section  where  these  welds  occur 
will  be  spoken  of  subsequently  as  the  web.  In  all  specimens  the 
bottom  sheet  was  made  in  two  parts  separated  down  the  center  web. 
In  all  the  specimens  numbered  X  through  XXIV  the  top  sheet  was 
in  one  piece,  this  representing  the  latest  manufacturing  method. 
The  top  sheets  of  specimens  I  through  IX  were  made  in  two  pieces 
with  the  separation  occurring  down  the  center  web,  this  type  of 
construction  being  clearly  shown  in  the  type  A  panel  of  Figure  1. 
In  all  type  B  specimens  the  top  sheets  were  in  one  piece. 

The  top  sheet  of  the  panels  was  bent  down  on  either  side  for  a 
lateral  connection  to  adjacent  panels  when  erected. 

The  specimens  were  uncoated  showing  the  mill  scale  on  the  sheets 
except  for  numbers  I,  VI,  X,  XI,  and  XII,  which  had  been  given  one 
coat  of  paint,  inside  the  cells  as  well  as  on  the  outside  surface. 

All  specimens  were  24  inches  wide  and  either  10  or  11  feet  long. 
The  cells  were  spaced  6  inches  on  centers  and  in  types  A  and  C  were 
5%  inches  deep,  in  type  B,  4%  inches  deep. 

A  specimen  will  be  described  hereafter  by  its  tvpe  letter,  followed 
by  the  gage  numbers  of  the  top  and  bottom  sheets,  respectively. 
The  gage  used  is  the  United  States  standard  gage  for  sheet,  plate, 
iron,  and  steel.  The  nominal  thicknesses  in  inches,  together  with  the 
maximum  and  minimum  values  observed  may  be  found  in  Table  1. 
The  relative  variation  of  thickness  in  any  one  sheet  was  much  less. 
When  the  bottom  corrugations  were  made  from  material  lighter  than 
16  gage,  preliminary  experiments  by  the  manufacturer  had  shown 
that  the  cell  bottoms  are  liable  to  crumple  over  the  support.  To 
avoid  this  the  cell  bottoms  of  the  A16-18  specimens  tested  were 
reinforced  at  the  ends  by  pieces  of  18  gage  sheet  of  the  same  shape 
and  6  inches  long  which  were  welded  to  the  webs,  giving  in  effect  a 
double  cell  bottom  over  the  supports. 

The  first  group  of  specimens,  numbered  I  to  XII?  were  manufac- 
tured on  a  power  cornice  brake,  the  dimensions  being  obtained  by 
hand  setting  of  the  sheet  in  the  machine.  These  will  be  referred  to 
later  as  "hand-set  specimen8.,,  They  were  characterized  by  a 
certain  irregularity  in  the  dimensions  and  a  lack  of  evenness  in  the 
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load-bearing  surfaces.  Specimens  XII  to  XXIV  were  formed  in  the 
same  machine  over  dies  which  gave  much  more  uniform  dimensions. 


Table  1. — Thickness  of  sheets 


Oage 

No. 

Nominal 
thickness 

(Minimum) 

(Maii  in  urn) 

Inch 

Inch 

Inch 

12 

a  107 

a  097 

0. 114 

14 

.077 

.069 

.083 

10 

.061 

.056 

.066 

18 

.049 

.044 

.061 

The  sheets  were  joined  in  all  cases  by  resistance  spot  welding  with 
three-eighths  inch  diameter  welds.  In  the  form  of  spot  welding  used, 
projection  welding,  small  projections  are  formed  on  one  of  the  sheets 
at  the  places  where  the  welds  are  to  be  made.  A  hand-operated 
machine  making  one  weld  at  a  time  and  with  the  current  controlled 
by  a  time  switch  was  used  on  the  first  12  specimens.  The  remaining 
specimens  were  welded  on  a  multiple  machine  with  full  automatic 
control.  Specimens  XV,  XXII,  XXIII,  and  XXIV  were  welded  on 
the  automatic  machine  after  its  operation  had  been  improved. 

The  dimensions  of  each  cell  ana  web  were  taken  at  both  ends  of  a 
specimen  and  the  results  averaged  to  obtain  data  from  which  the 
moment  of  inertia  and  neutral  axis  location  could  be  calculated.  The 
measurements  were  taken  to  the  nearest  sixteenth  of  an  inch,  and  the 
averaged  results  expressed  to  the  nearest  hundredth.  Average  di- 
mensions and  descnptions  of  the  specimens  are  given  in  Table  2. 
Since  the  deviations  in  the  dimensions  of  the  most  irregular  panels 
did  not  produce  differences  of  more  than  2  per  cent  in  the  moments 
of  inertia  calculated  cell  by  cell  and  from  tne  averaged  dimensions, 
it  was  not  felt  worth  while  to  list  the  dimensions  of  the  particular  parts. 


Table  2. — Description  and  dimensions  of  floor  specimens 
[The  dimensions  designated  by  letters  are  shown  in  fig.  2) 
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Type 

a 

b 

c 

/ 

h 

w 

t  i 

Length 

Nominal 
wt'fght 

Inches 

Inches 

Iiichrs 

Inches 

Inch/* 

Inch 

Inch 

Feet 

Lbs.HU 

i  
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3.  80 

1.  29 

2.01 

2  09 

5.  64 

24.  78 

0.  074 

0.  000 

10.  M 
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1 .  29 
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ft.  6r. 
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.  002 
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in  
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3.  90 
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2.  13 

,i.  m 

2-1.31 

.  07  4 

.  001 

10.  M 

IV  
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3.  89 

1.  29 

2.  J  2 

2.  13 

i.  f.t 

.000 

.  049 

8.  :,o 

V._. — .  ... 
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1  31 

2. 1  .1 

2.  12 

r..  oo 

24  .".10 

.000 

.ai7 

8.  .10 
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.001 
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0 
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0 

2.  1 1 

2.  is 

4.  37 
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.  000 

8.  25 
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3.  94 
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2.  o.i 
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(•10 

8.  10 
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3.  ««> 

ft 

2.  12 

2.  20 

4.34 

21.  CO 

.  0*1 1 
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.  (i?7 
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XXIII.....  
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3 
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. 
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2.  02 
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j.  00 
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.004 

1 

10.  .10 

i  Calculated  from  average  beight  of  hand-set  A 14-16  specimens. 
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IV.  TENSILE  TESTS  OF  THE  MATERIAL 
1.  METHODS  OF  TEST 

The  principal  requirements  of  the  usual  commercial  grades  of  black 
sheet  steel  are  that  the  sheets  should  have  a  good  surface  and  a 
high  ductility  to  undergo  various  forming  operations.  They  are  not 
primarily  intended  for  structural  purposes.  It  was,  therefore,  desir- 
able to  investigate  the  structural  properties,  tensile  strength,  yield 
point  and  Young's  modulus  of  elasticity  of  the  material  used  in  these 
floor  panels. 

A  screw-power  beam  testing  machine  having  a  capacity  of  20,000 
pounds  was  used,  the  machine  having  two  load  ranges,  one  up  to 
2,000  pounds  and  the  other  up  to  20,000  pounds.  The  fonner  range 
was  used  for  all  specimens  except  the  thickest  (12  gage). 

The  specimen  used  is  illustrated  in  Figure  3  and  conforms  to  the 
requirements  of  the  sheet  tensile  specimen  recommended  by  the 
American  Society  for  Testing  Materials  in  their  Tentative  Methods 

/fart/us  noffess  Than  2} 
 Zi  1  LJ—  ,4 

 a 504'    0.500'  °-5o+~  K?fo 

Figure  3. — Sheet  tensile  specimen 

of  Testing  of  Metallic  Materials  (Specification  E8-27T,  Proa,  vol. 
27,  I,  p.  1067).  The  gage  length  was  2  inches. 

One  hundred  and  twelve  specimens  were  tested,  9  of  12  gage,  26 
of  14  gage,  65  of  16  gage,  and  12  of  18  gage.  Stress-strain  measure- 
ments were  taken  for  7  specimens  of  14  gage,  6  of  16  gage,  and  6  of  18 
gage. 

The  tensile  specimens  were  taken  from  coupons  cut  from  the  end  of 
each  sheet  prior  to  forming.  Tests  were  made  both  in  the  direction  of 
rolling  and  transverse  to  this  direction,  these  specimens  being  marked 
respectively  L  and  T.  Ninety-three  specimens  were  taken  from  panels 
I  through  XII  and  furnished  information  as  to  the  properties  of 
practically  all  the  sheets  entering  into  those  panels.  Nineteen  speci- 
mens were  taken  from  the  remaining  panels. 

The  stress-strain  curves  were  obtained  with  a  Ewing  extensometer 
of  2-inch  gage  length  mounted  on  the  edges  of  the  specimen.  The 
load  was  maintained  until  any  drift  in  extensometer  readings  appeared 
to  cease  and  then  the  reading  recorded. 

For  the  remainder  of  the  specimens  only  yield  point,  tensile  strength, 
and  elongation  were  determined.  A  slow  machine  speed  was  used  as 
it  was  found  that  the  values  obtained  were  to  a  considerable  degree 
dependent  on  the  rate  of  extension.  In  some  cases  a  preliminary 
load  of  roughly  one-half  the  yield  point  was  applied  more  rapidly  and 
the  rest  of  the  test  continued  at  the  slower  speed.  The  speeds  adopted 
were  0.01  inch  per  minute  until  the  load  began  to  pick  up  after  the 
yield  point,  ana  0.09  inch  per  minute  for  the  remainder  of  the  test. 
These  speeds  were  measured  on  the  movable  crosshead  of  the 
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machine  under  no  load.  The  yield  points  were  determined  by  "drop 
of  beam." 

The  cross  section  of  the  specimens  was  measured  at  the  ends  and  at 
the  center  of  the  gage  length.  As  will  be  seen  from  Figure  3,  the  width 
of  the  specimen  is  less  at  the  center  to  assure  fracture  near  the  middle 
of  the  gage  length.  The  minimum  of  the  three  areas  measured  was 
used  to  compute  yield  point  and  tensile  strength.  The  effective  area 
for  the  detenninalions  of  Young's  modulus  was  obtained  by  assuming 
that  the  area  could  be  represented  by  a  quadratic  function  of  the  posi- 
tion in  the  gage  length.  The  effective  area  will  then  be  given  very 
closely  by 

A  =  %  (Al  +  4A0  +  A2) 

where  A0  is  the  area  at  the  center  and  Ax  and  A2  the  areas  at  the  ends 
of  the  gage  length.  The  formula  will  be  recognized  as  Simpson's  rule. 
The  area  so  obtained  is  a  closer  approximation  than  would  be  obtained 
by  the  use  of  the  average  area. 

From  the  stress-strain  data  were  determined  Young's  modulus  and 
the  proportional  limit,  using  the  method  of  differences  proposed  by 
Dr.  L.  B.  Tuckerman,  of  the  Bureau  of  Standards.4  A  trial  modulus 
of  elasticity  of  30,000,000  lbs./in.2  was  assumed  and  differences  be- 
tween the  observed  strain  and  that  calculated  from  the  trial  modulus 
were  plotted  in  a  difference  curve.  A  straight  line  was  drawn  through 
the  points  on  the  difference  curve  in  such  a  way  as  to  include  the  most 
points  within  a  range  of  one  hundred- thousandth  inch  per  inch 
strain  on  either  side  of  the  line.  Slight  irregularities  at  the  lowest 
loads  were  disregarded.  From  the  slopes  of  these  lines  were  derived 
the  actual  moduli  of  the  specimens.  The  proportional  limit  was  taken 
as  the  stress  at  which  the  difference  began  to  depart  from  the  straight 
line  by  more  than  one-hundred-thousandth  inch  per  inch  strain.  In 
a  few  cases,  the  permanent  set  was  measured  after  each  load. 

2.  RESULTS 

Figures  4  and  5  are  typical  stress-strain  curves  up  to  the  yield 
point.  Though  these  figures  show  results  for  two  transverse  speci- 
mens, the  curves  are  representative  of  the  results  found  for  all  speci- 
ments.  Table  3  gives  the  results  derived  from  the  stress-strain 
measurements.  The  values  of  the  proportional  limit  there  assigned 
are  to  be  considered  as  dependent  on  the  width  of  the  error  band  that 
was  assumed.  The  measurements  indicated  that  the  material  was 
not  perfectly  elastic  at  low  loads,  but  these  departures  from  elasticity 
were  of  the  same  order  as  the  random  error  in  the  readings,  so  that 
it  remained  uncertain  to  what  extent  this  inelasticity  was  real.  In 
any  case,  inelastic  behavior  before  the  yield  point  is  of  little  signifi- 
cance in  estimating  the  suitability  of  a  material  for  structrual  pur- 
poses. The  yield  point  may  therefore  be  taken  as  a  measure  of  the 
safe  working  stress  of  the  material.* 


*  Soe  Determination  and  Sifmiflcnnre  of  the  Proportional  Limit  in  the  Testing  of  Metals,  R.  L.  Tcmplin, 
and  discussion,  Froc,  Am.  Soc.  Testing  Materials,  vol.  29,  II,  p.  523,  1929.  Discussion,  p.  538. 

•  Soe  note  4. 
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Figure  4. — Stress-strain  curve*  for  tensile  specimen  9T 
Table  3. — Results  of  stress-strain  measurements  on  tensile  specimens 
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The  average  for  10  specimens  of  Young's  modulus  in  the  direction 
of  rolling  was  28,500,000  lbs./in.2,  and  transverse  to  the  direction  of 
rolling  the  average  of  nine  tests  was  29,700,000  lbs. /in.2  A  value  of 
28,700,000  lbs./in.2  was  taken  for  the  longitudinal  modulus,  this  being 
arrived  at  by  neglecting  two  specimens  (1L  and  3L),  for  which 
the  elastic  limit  appeared  to  be  particularly  low. 

Based  on  strength  and  yield-point  determinations,  the  material  was 
of  three  types: 

1.  Sheets  having  yield  points  of  20  to  28  kips/in.2  (one  kip  equals 
1,000  pounds)  and  tensile  strengths  of  38  to  48  kips/in.2   The  elonga- 
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Figure  5. — Stress-strain  curves  for  tensile  specimen  17  T 

tion  in  2  inches  ranged  from  30  to  40  per  cent.  At  the  yield  point 
there  was  a  sharp  drop  of  beam,  the  load  falling  off  considerably ; 

2.  Sheets  having  yield  points  of  35  to  47  kips/in.2  and  tensile 
strengths  of  46  to  50  kips/in.2  There  was  a  marked  drop  in  load  at 
the  yield  point.    The  elongation  was  as  great  as  for  the  first  type; 

3.  Sheets  having  tensile  strengths  of  50  up  to  70  kips/in.2  and  a 
lower  elongation  than  the  preceding  types.  The  yield  points  ranged 
from  29  to  52  kips/in.2  The  elongations  were  in  the  neighborhood 
of  25  per  cent.  At  the  yield  point  the  drop  of  beam  was  not  so  pro- 
nounced and  occasionally  the  load  remained  nearly  constant. 
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Only  a  small  proportion  of  the  specimens  were  of  the  third  type  and 
these  were  all  from  16  and  18  gage  material.  The  higher  strength  ap- 
pears to  be  due  to  cold  working  at  the  mill.  The  second  type  of  sheet 
was  made  from  open-hearth  steel  rolled  on  a  continuous  strip  mill. 
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Figure  6. — Distribution  of  yield  point  and  tensile  strength  among  the  speci- 
mens 

The  first  type  of  material  was  found  only  in  the  first  12  panels, 
which  also  included  some  of  the  second  type.  All  but  one  of  the 
tensile  coupons  taken  from  panels  XII  through  XXIV  were  of  the 
second  type,  the  exception  being  a  16-gage  sheet  of  the  third  type. 

Figure  6  shows  graphically  how  the  yield  point  and  tensile  strength 
were  distributed  among  the  specimens. 
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The  ordinate  represents  the  per  cent  of  the  group  which  falls 
within  the  range  of  2  kips/in.2  indicated  on  the  horizontal  scale.  The 
ringed  number  is  the  total  of  specimens  in  each  group. 

V.  SHEARING  STRENGTH  OF  THE  WELDS 

1.  GENERAL 

The  loads  applied  to  the  top  surface  of  the  floor  panels  caused  shear- 
ing forces  on  the  welds  joining  the  top  and  bottom  elements.  It  is 
obviously  of  importance  to  know  what  shears  may  be  safely  applied 
to  spot  welds  such  as  those  used  in  the  cellular  floor.  A  series  of  tests 
were  conducted  to  obtain  data  on  this  point. 

2.  METHODS  OF  TESTING 

The  test  of  a  spot-welded  joint  in  shear  alone  presents  certain 
difficulties.  If  a  joint  with  a  single  lap  is  pulled  in  tension,  the 
eccentric  loading  produces  a  couple  tending  to  rotate  the  join  of  the 
two  parts.    In  sheet  metal  this  tends  to  split  the  joint  apart  and  to 


drc/es  /na/Jcafe  spor  we/cts 


T 


Figure  7. — Specimen  for  determining  shearing  strength  of 

welds 

produce  buckles  about  the  weld.  If  a  double  lap  is  used,  the  strength 
of  the  joint  is  considerably  increased  and  fracture  may  occur  outside 
of  the  welds;  in  fact,  double  lap  joints  in  14,  16,  anrf  18  gage  sheet 
containing  two  %-inch  diameter  welds  were  tested  to  destruction  and 
all  broke  by  tearing  of  the  strip  inside  the  cover  plates. 

A  variety  of  joints  containing  1,  2,  and  3  welds  were  obtained  and 
tested  in  tension.  From  these  results  a  satisfactory  specimen  was 
designed  as  shown  in  Figure  7.  It  consists  essentially  of  two  channel- 
shaped  sections  from  the  steel  sheet  lapped  back  to  back  and  welded 
with  a  single  spot.  In  order  to  grip  the  specimen  in  the  jaws  of  the 
testing  machine,  the  channel  flanges  were  cut  away  at  the  ends.  It 
was  found  necessary  to  reinforce  the  gripped  portion  of  the  specimen 
by  welding  on  a  strip  along  the  back  of  each  channel.  The  specimens 
were  projection  welded  using  a  technique  as  close  as  possible  to  the 
welding  methods  used  in  fabricating  floor.  Such  specimens  in  14,  16, 
and  18  gage  sheet  containing  one  %-inch  diameter  spot  weld  fractured 
in  the  weld  without  appreciable  bending  of  the  channels  or  buckling 
of  the  sheet  about  the  weld. 

The  specimens  were  tested  in  tension  in  a  100,000-pound  Amsler 
machine  using  the  10,000-pound  range.  The  autographic  recording 
apparatus  supplied  with  the  machine  was  used  on  an  8-inch  gage 
length,  so  that  a  load-extension  curve  was  obtained  in  each  case. 
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3.  RESULTS 

The  specimens  described  in  the  preceding  section  are  noted  below 
by  the  type  letter  G,  followed  by  the  gage  number  of  the  sheet,  and  an 
individual  specimen  number  to  distinguish  those  of  the  same  gage. 
Six  specimens  each  of  14,  16,  and  18  gage  sheet  were  tested.  The 
results  are  summarized  in  Table  4. 

The  gross  area  of  the  fractured  surface  of  welds  was  estimated  by 
assuming  an  elliptical  shape  and  measuring  two  perpendicular  dia- 
meters to  the  nearest  0.01  inch.  The  net  area  was  obtained  from  the 
gross  area  by  deducting  for  the  larger  blowholes.  Both  figures  are, 
of  course,  only  approximate,  as  are  also  in  corresponding  degree  the 
stresses  derived  from  them.  The  maximum  load  is  definitely  the 
more  significant  figure. 

The  autographic  records  showed  that  failures  were  preceded  by 
little  or  no  plastic  deformation.  The  single  exception  to  this  was 
G18-3,  which  failed  by  the  weld  tearing  out  01  the  sheet.  The 
ultimate  strength  of  the  weld  is  therefore  a  measure  of  the  permissible 
design  loads. 

Table  4. — Strength  of  welds 


Specimen 

Type  of  failure 

MazN 
mum 
load 

Gross 
nreu 
of 
weld 

Net  area 
of  weld 

Shearing 
strenxth 
on  gross 
area 

Shearing 
strength 
on  net 
area 

Kipt 
4. 59 
3.30 
4.02 
3.86 
3.64 

3.  75 
2.  94 
2.61 
2.57 
2.24 

2.43 
2.49 
2.91 
2.83 

2.81 
3.09 
2.87 
3.14 

Square 
tneh 

Square 
inch 

KlptlinS 

Kiptiin* 

G14-2  

0.105 
.119 
.  101 
.095 

.  108 
.075 

0. 102 
.117 
.099 
.087 

.104 
.074 

32.3 
33.8 
38.2 
38.3 

34.7 
39.2 

33.2 
34.4 
39.0 
41.8 

36.1 
39.7 

 do  

 do  

0 16-2  

aiti-3  

G16-5  

 do  

.058 

.035 

42.9 

45.3 

018-1  

.104 

0. 057-0. 090 

27.2 

31.4-49.6 

018-3  

018-*  

 do  

 do  

Ol8-«  

 do  

Those  specimens  in  winch  the  weld  metal  itself  did  not  shear 
failed  by  the  wold  spot  tearing  out  of  the  sheet.  On  the  side  of  a  weld 
toward  the  gripped  end  of  that  portion  of  the  specimen  there  exists  a 
concentrated  tensile  "negative  bearing  stress,"  analogous  to  the 
compressive  bearing  stress  in  the  plate  of  a  riveted  joint.  AYhere 
compressive  failure  occurs  in  the  plate  in  the  riveted  joint,  the  ma- 
terial in  each  sheet  parts  in  tension  in  the  welded  joint.  Failure 
progresses  by  the  welded  regions  twisting  and  tearing  out  of  the 
sheets.  Figure  8  shows  late  stages  in  the  f aflure  in ' '  negative  bearing ' ' 
of  two  16-gage  specimens^  one  single-lap  and  one  channel  type.  Some 
of  the  failures  of  this  kind  appeared  to  start  in  defective  material 
near  the  edge  of  the  weld  and  then  spread  to  the  edge  of  the  unfused 
material. 
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Fig u he  9. —  View  of  a  floor  panel  ready  for  teat 
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The  fractures  of  welds  that  broke  in  shear  presented  a  variety  of 
appearances.  The  welding  of  specimens  G16-1  and  G16-6  was 
defective,  the  former  containing  three  weld  spots  of  gross  areas  0.019, 
0.008,  and  0.048  square  inch,  and  the  latter  containing  two  spots  of 
gross  areas  0.013  and  0.045  square  inch.  Apparently  the  sheets  were 
in  good  electric  contact  at  more  than  one  place  due  to  a  poorly  made 
projection  or  to  uneven  surfaces.  The  welds  in  both  specimens  con- 
tained oxide  inclusions.  The  weld  in  G18-2  contained  coarse  radial 
blowholes  about  the  periphery,  there  being  also  a  central  region  with 
large  voids.  Tarnish  in  the  center  suggests  that  there  was  poor 
adiiesion  in  that  portion,  but  the  tarnish  may  possibly  have  occurred 
following  fracture.  In  the  14-gage  specimens  all  the  sheared  welds 
contained  blowholes,  in  some  cases  only  one  at  the  center,  while  in 
others  there  were  many  fine  radial  blowholes.  In  the  latter  cases  the 
surface  of  fracture  showed  considerable  curvature  through  points  of 
weakness.  Where  the  weld  contained  only  a  few  circular  blowholes, 
the  fracture  presented  the  appearance  of  a  broken  piece  of  coarse- 
grained ductile  material. 

Application  of  conclusions  drawn  from  these  tests  must  necessarily 
be  restricted  to  material  of  the  same  grade  of  sheet  steel  and  to  welds 
of  the  same  size  made  under  similar  conditions.  Higher-strength 
material  would  be  expected  to  show  higher  values,  at  least  in  negative 
bearing. 

It  is  evident  that  the  gage  and  the  tensile  strength  of  the  sheet  de- 
termine whether  shearing  or  negative  bearing  failure  will  occur. 
Below  a  certain  thickness  the  concentration  of  tensile  stress  at  the 
edge  of  the  weld  will  produce  negative  bearing  failure  before  the 
shearing  strength  of  the  weld  is  reached.  Above  this  thickness  the 
load  required  to  shear  the  weld  will  not  produce  the  requisite  tensile 
8 tress  to  produce  a  failure  in  negative  bearing.  The  specimens 
may  be  distinguished  on  this  basis.  The  16  and  18  gage  specimens 
all  broke  in  negative  bearing  with  the  exception  of  G16-1,  G16-6, 
and  G18-2,  in  which  the  welds  were  defective.  The  14-gage  speci- 
mens broke  by  shearing  of  the  weld,  the  sole  exception  to  this  being 
G14-1,  in  which  the  weld  was  evidently  of  much  greater  shearing 
strength.  In  general,  then,  material  of  14  gage  or  heavier  may  be 
expected  to  develop  the  full  shearing  strength  of  these  welds  while 
lighter  gages  will  fail  at  lower  loads  in  negative  bearing. 

The  shearing  strength  developed  in  a  welded  joint  thus  depends 
upon  the  gage  of  the  sheet  when  the  gage  is  below  a  certain  critical 
thickness.  Above  that  thickness  the  strength  should  be  independent 
of  the  gage.  Though  the  tensile  properties  of  the  sheet  used  in  the 
weld  specimens  were  not  determined,  there  was  general  evidence 
through  the  tests  that  the  16-gage  material  was  of  rather  low  strength, 
so  that  the  low  figures  for  the  16-gage  specimens  compared  to  the  18- 
gage  specimens  is  probably  to  be  explained  on  these  grounds.  The 
specimen  of  lowest  strength  was  G16-4  which  broke  at  2.24  kips  in 
negative  bearing,  this  being  a  lower  breaking  load  than  observed 
from  the  specimens  with  defective  welds  previously  described.  Two 
kips  would  thus  be  a  conservative  figure  for  the  strength  of  a  single 
one  of  these  spot  welds  in  shear. 
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VI.  METHOD  OF  TESTING  FLOOR  PANELS 
1.  INFORMATION  DESIRED 

The  most  important  points  to  be  ascertained  in  the  tests  of  the 
floor  panels  themselves  were:  First,  how  closely  do  the  deflections 
and  stresses  agree  with  those  calculated  by  the  Euler-Bernoulli  theory, 
which  is  usually  used  in  designing  engineering  structures;  and  second, 
under  what  range  of  loads  does  the  floor  behave  elastically?  It  is 
further  of  importance  to  know  how  failure  occurs  and  what  are  the 
points  of  structural  weakness  with  their  effects  on  the  response  of 
the  panel  to  load. 

It  was  decided  therefore  to  make  transverse  tests  to  destruction 
of  the  individual  floor  panels,  measuring  deflections  and  strains  at 
suitable  locations  in  order  to  correlate  these  with  the  loads. 

2.  TEST  PROCEDURE 

The  test  panels  were  mounted  at  the  ends  on  roller  supports.  The 
A 12-1 2  specimens  were  10  feet  in  length  and  were  tested  on  a  span 
of  9  feet  8  inches;  the  remaining  panels  were  11  feet  long  and  were 
tested  when  possible  on  a  span  of  10  feet,  it  being  necessary  to  use 
a  span  of  10  feet  6  inches  for  the  type  C  specimens  and  the  type  A 
specimens  with  reinforcing  at  the  ends  of  the  cell  bottoms  (A16-18). 
In  each  case  the  specimen  had  a  length  of  bearing  of  4  inches.  Equal 
loads  were  applied  at  the  quarter  points  of  the  span  in  a  screw  power- 
testing  machine  of  600,000-pound  capacity,  using  a  poise  giving  a 
300,000-pound  range.   By  loading  at  the  quarter  points  the  bending 
moment  between  the  loads  was  uniform  and  equal  to  the  maximum 
moment  which  would  be  produced  by  the  load  uniformly  distributed. 
The  maximum  shear  is  likewise  equal  to  the  maximum  shear  produced 
by  uniform  loading.    The  computed  deflection  at  mid-span,  however, 
is  10  per  cent  greater  than  would  have  been  produced  by  uniform 
loading.   Since  the  maximum  bending  moment  is  developed  over  the 
middle  half  of  the  span  and  the  maximum  shear  is  developed  over 
the  portions  of  the  specimen  between  the  loads  and  the  supports, 
inhomogeneities  in  the  structure  will  be  more  liable  to  discovery  than 
if  the  panel  were  uniformly  loaded. 

Steel  bearing  plates  with  pads  of  #-inch  canvas  belting  were  used 
to  distribute  the  loads  and  reactions  to  the  specimen.  The  plates 
were  4  inches  wide  and  one-half  inch  thick  and  extended  across  the 
specimen,  the  pads  being  cut  to  the  same  size  and  placed  between 
the  specimen  and  the  bearing  plate.  The  load  was  transmitted  to 
the  specimen  from  the  movable  cross  head  of  the  machine  by  an 
I  beam  carried  on  a  spherical  bearing,  rollers  being  placed  between 
the  loading  beam  and  the  bearing  plates.  This  arrangement  can  be 
seen  in  the  typical  set-up  shown  in  Figure  9.  In  the  figure  it  will 
be  noticed  that  the  end  bearings  are  free  to  accommodate  themselves 
to  small  twists  in  the  specimen  by  means  of  a  cjTlindrical  seating. 

The  deflection  at  mid-span  was  measured  at  each  load  by  means  of 
dial  micrometers  accurate  to  0.002  inch.  These  dials  were  mounted 
on  a  stiff  frame  supported  at  the  horizontal  webs  of  the  panel  imme- 
diately over  the  supports.  The  frame  was  carried  on  3  steel  balls 
in  such  a  way  that  1  foot  was  free  to  rotate  about  a  point,  1  to  move 
along  a  line,  and  1  to  move  in  a  plane,  the  support  being  therefore 
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kinematicaily  nonredundant.  This  frame  and  its  mounting  is  shown 
in  Figures  9  and  10.  Such  a  mounting  assures  the  frame  remaining 
unstrained  during  all  portions  of  the  test.  The  deflection  was  there- 
fore measured  unambiguously  relative  to  a  plane  close  to  the  neutral 
surface  of  the  panel,  this  neutral  surface  being  computed  to  lie  seven- 
eighths  to  1  inch  below  the  web  for  specimens  of  types  A  and  C,  and 
1%  inches  below  the  web  for  type  B  specimens.  The  deflection  was 
taken  on  the  webs  at  mid-span  at  two  points  6  inches  on  either  side 
of  the  center  line. 

The  strains  on  a  10-inch  gage  length  in  the  top  and  bottom  of  each 
cell  were  measured,  also  at  mid-span,  by  the  use  of  Whittemore  hand 
strain  gages.0  These  gages  read  to  a  ten-thousandth  of  an  inch  and 
the  readings  can  be  estimated  to  a  hundred-thousandth  of  an  inch, 
which  corresponds  to  a  stress  of  about  30  lbs./in.1  The  error  in  the 
strain  gages  is  believed  not  to  exceed  two  divisions  (600  lbs./in.2  equiv- 
alent stress),  this  error  being  due  for  the  most  part  to  irregularities  in 
the  dial  mechanism.  The  readings  on  the  top  of  the  panel,  the  com- 
pression side,  were  taken  by  the  customary  hand  application  of  the 
gage  as  illustrated  in  Figure  10,  while  the  readings  on  the  bottom 
were  taken  with  instruments  attached  to  the  specimen  with  rubber 
bands.  Details  of  the  method  of  attaching  the  bottom  gages  can  be 
seen  in  Figure  11.  The  gage  lengths  on  the  bottom  were  staggered 
two  inches  alternately  on  either  side  of  the  mid-span  for  convemence 
in  attaching  the  instruments. 

According  to  the  conventional  engineering  theory,  the  stresses  in 
the  extreme  fibers  should  be  constant  between  the  loads,  this  being  due 
to  the  constancy  of  bending  moment  and  section  modulus.  The 
stresses  were  computed  by  multiplying  the  strain  by  the  average  value 
of  Young's  modulus  (28,700,000  lbs./in.*)  found  in  the  tensile  tests  of 
the  material. 

The  height  of  each  cell  at  the  two  ends  of  the  specimen  was  measured 
to  the  nearest  hundredth  of  an  inch  by  means  of  internal  calipers  at 
each  load  for  which  the  top  strain  gages  were  read. 

The  usual  procedure  in  a  test  consisted  of  taking  cell  heights,  top 
and  bottom  strain-gage  readings,  and  deflection  measurements  with 
no  load  on  the  panel.  These  readings  were  repeated  at  2,000-pound 
intervals.  The  deflection  dials  and  bottom  strain  gages  were  read  at 
each  1,000-pound  interval.  In  the  case  of  the  heaviest  panels,  XIX, 
XX,  and  XXI,  of  the  A12-12  type,  readings  were  made  every  1,500 
pounds;  for  all  other  specimens  readings  were  taken  every  1,000 
pounds.  The  first  group  of  12  panels  contained  three  specimens  of 
each  type.  One  of  these  was  loaded  in  1,000-pound  increments 
straight  up  to  the  point  at  which  it  would  support  no  added  load. 
Strain-gage  readings  were  taken  until  the  change  in  gage  length 
indicated  that  the  material  was  well  beyond  its  elastic  range.  The 
deflection  measurements  were  taken  over  the  full  range  oi  the  ap- 
paratus (about  1#  inches),  which  sufficed  to  carry  the  readings  nearly 
to  the  maximum  load.  A  second  specimen  of  the  same  tvpe  was  loaded 
until  a  "limiting  deflection"  was  reached  approximately  equal  to  one 
three  hundred  and  sixtieth  of  the  span  plus  10  per  cent.  As  previously 
mentioned,  the  loading  in  the  tests  should  produce  a  deflection  10 

*  See  Arch  Dam  Invest  igat  ion,  vol.  1,  Am.  Soc.  Civil  Engrs.,  p.  M,  November,  1027. 
127984—32  3 
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per  cent  greater  than  the  same  load  uniformly  distributed.  In  order 
to  avoid  cracking  plaster  ceilings,  floors  are  generally  restricted  to  a 
maximum  deflection  when  uniformly  loaded  of  one  three  hundred  and 
sixtieth  of  the  span.  The  limiting  deflection  of  the  tests  consequently 
corresponds  to  the  deflection  limits  set  on  floors  in  practice.  At  this 
load  the  specimen  was  held  for  one  hour  to  observe  any  creep  that 
might  occur.  Following  this  halt,  the  test  was  continued  to  failure  as 
before.  The  third  panel  of  the  group  was  loaded  up  to  the  limiting 
deflection  with  the  same  load  increments  as  before,  then  unloaded  in 
steps  to  zero,  readings  being  taken  at  the  same  loads  as  in  the  first 
portion  of  the  test.    The  rest  of  the  test  then  continued  as  for  the 


Deflect  Ion -inches 
Figure  12.— Load-deflection  curve*  for  panels  IV,  XVII,  and  XX 

first  specimen.  The  object  of  this  repeated  loading  was  to  observe 
hysteresis  effects  as  well  as  permanent  set  on  removing  the  load.  Any 
effects  of  prestressing  should  show  up  on  the  second  loading.  Since 
secondary  effects  were  found  to  obscure  any  real  hysteresis  that  may 
have  been  present,  the  procedure  followed  for  the  last  12  specimens 
was  to  load  to  the  limiting  deflection,  unload  to  zero  to  observe  per- 
manent set,  no  intermediate  readings  being  taken  during  unloading, 
then  reload  to  the  Hunting  deflection  and  continue  the  test  as  before. 
To  observe  creep,  one  specimen  of  each  group  was  held  for  an  hour 
at  the  limiting  deflection  load  before  unloading. 

Careful  watch  was  maintained  to  observe  the  development  of 
buckling  failure  in  the  various  parts  of  the  specimen,  the  principal 
points  of  interest  being  the  cell  tops  at  and  between  the  loads  and  the 
side  walls  of  the  cells  at  the  supports. 


Digitized  by  Google 


Cellular  Sheet-Steel  Flooring 


147 


VII.  RESULTS  OF  THE  PANEL  TESTS 

The  curves  of  Figures  12  and  13  show  typical  relations  of  load  to 
average  deflection  at  mid-span.  It  will  be  observed  that  up  to  a 
certain  point  on  the  curves,  the  deflection  is  proportional  to  the  load 
within  the  experimental  error.  This  was  found  to  be  true  for  all  the 
specimens.  The  load  at  this  point  will  be  spoken  of  subsequently 
as  the  proportional  limit  of  the  floor  panel.  The  proportional  limit 
for  the  panel  is  indicated  on  the  curves  by  P.  L.  and  the  limiting  de- 
flection load  by  L.  D.  A  deviation  of  0.002  inch  from  proportionality 
was  taken  as  criterion  for  determining  this  limit.  The  proportional 
limit  of  the  panel  so  defined  and  the  load  at  the  limiting  deflection 
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Figure  13. — Load-defltciion  curves  for  -panels  II,  X,  and  XXIV 


of  the  panels  are  used  as  a  basis  for  discussing  their  behavior.  For 
this  reason  these  points  are  also  marked  on  succeeding  curves.  Above 
the  proportional  limit  the  deflection  increases  more  rapidly  with  suc- 
cessive increments  of  load,  this  being  due  to  plastic  yielding  and  to 
buckling.  This  yielding  progresses  until  a  point  is  reached  where  the 
panel  will  support  no  added  load.  Specimens  remained  intact, 
though  deformed,  after  the  test.  Figures  14  to  17  show  the  appearance 
of  some  typical  panels  after  testing. 

Table  5  summarizes  the  strength  properties  of  the  specimens  and 
gives  also  the  spans  on  which  thev  were  tested  and  the  permanent 
set  indicated  by  the  deflection  dials  when  unloaded  completely  from 
the  limiting  deflection.  The  columns  headed  equivalent  uniform 
loads  per  square  foot  give  the  distributed  loads  which  were  computed 
to  give  the  same  maximum  bending  moment  on  a  10-foot  span  as  the 
observed  loads. 
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Table  5. — Strength  properties  of  panels 


{Vol.9 


Panel  No. 


I- -  - •  . 

kg: 

V  

VI  

VII  

VIII.... 

IX  

X  

XI  

XII  

XIII... 

xrv.___ 

XV  

XVI.  ... 

XVII.  .. 

XVIII.  . 

XIX.  .. 

XX.  ... 

XXI.  .. 

XXII.  . 
XXIII. 
XXIV.. 


Descrip- 
tion 


A14-16 
A14-16 
A 14-16 
A16-18 
A 16-18 

A16-18 
C 14-16 
C14-16 
C 14-16 
B 16-16 

B16-16 
B16-16 
A14-16 
A16-18 
B16-18 

A 14-14 
A 14-14 
A 14-14 

A12-12 
A 12-12 

A12-12 
A14-16 
A 14-16 
A14-16 


Span 


Ft.  in. 

10  0 

10  0 

10  0 

10  6 

10  6 

10  6 

10  6 

10  6 

10  6 

10  0 

10  0 

10  0 

10  0 

10  6 

10  0 


10 
10 
10 
9 
9 


0  8 

10  0 

10  0 

10  0 


Limit- 
ing de- 
llection 
load 


"ft 

9.2 
9.9 
6.2 
6.7 

6.5 
7.6 
80 
8.4 

5.7 

5.0 
5.2 
9.7 
6.5 
5.6 

11.0 
10.6 
11.0 
15.3 
15.8 

16.4 
9.3 
9.9 
9.0 


Propor 
tional 
limit 


"ft 

11.0 
9.0 

iao 

11.0 

6.5 
6.0 
82 
18 
6.0 

5.0 
7.4 
80 

iao 

80 

11.0 
11.0 
11  0 
19.5 
16,5 

16.5 
14.6 
14.8 
14.6 


Maxi- 
mum 
load 


Kipt. 
18.61 
17.  66 

in.  99 
17.25 
17.00 

15.77 
13.  67 
14.35 
15.30 
11.54 

a  05 

13.32 
20.45 
18.1X5 
14  00 

25.65 
26.  15 
25.  65 

3a  is 

3H.20 

36. 14 

20. 10 

21.  80 
21.00 


Equivalent  uniform  load  on 
10-foot  span 


Limiting 

Propor- 
tional 

Maxi- 

deflec- 

mum 

tion  load 

limit 

load 

Ltu.lJU 

425 

450 

930 

550 

8J<2 

495 

450 

850 

326 

525 

299 

678 

892 

341 

341 

828 

3tM 

315 

718 

420 

430 

753 

441 

200 

803 

285 

300 

577 

250 

250 

562 

JfjQ 

370 

ac  a 
660 

485 

400 

1.022 

341 

525 

948 

280 

400 

700 

550 

550 

1,282 

530 

550 

1.30K 

550 

550 

1.282 

739 

942 

1,844 

764 

797 

1.846 

793 

797 

1.747 

465 

■  730 

1.005 

495 

740 

1.090 

450 

730 

1,060 

Set  after 
loa<!in* 
to  limit- 
ing c  J  fflco- 

tion 


inch 


aoos 

"\'6i6 


.016 


.  026 
.014 


.Olfl 
.011 
.018 
.008 


.003 
.001 
.005 


For  use  in  interpreting;  these  results,  section  properties  of  the  panels 
were  calculated  from  tne  dimensions  in  Table  2.  The  moment  of 
inertia,  position  of  the  neutral  axis  and  section  moduli  were  computed 
for  each  panel.  In  order  to  determine  whether  the  use  of  average 
dimensions  was  justified  in  calculating  these  properties,  the  moment 
of  inertia  and  position  of  the  neutral  axis  was  calculated  cell  by  cell 
for  some  of  the  most  irregular  specimens.  No  appreciable  differences, 
however,  were  found  between  the  two  methods  of  calculation.  The 
dotted  lines  shown  in  the  load-deflection  and  load-strain  curves  of 
the  panels  indicate  the  deflection  calculated  from  these  section 
properties. 

The  moment  of  inertia  was  also  derived  from  the  slope  of  the  load- 
deflection  curve  below  the  proportional  limit.  The  slope  was  deter- 
mined by  the  method  of  least  squares  which  takes  here  a  particularly 
simple  form  on  account  of  the  equal  increments  of  load. 

Table  6  gives  the  computed  values  of  the  section  properties  and 
also  the  observed  values  of  the  moments  of  inertia  taken  from  the 
load -deflection  curves. 
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Table  6. — Section  properties  of  panel* 


St  "compressive  section  mo  lulus  for  panel. 
Si  •"tensile  section  modulus  for  panel. 

distance  from  neutral  axis  to  extreme  com 
f,- distance  from  neutral  axis  to  extreme 

'••it.™- — -— -  • 

t.+v, 

/-moment  of  inertia  of  panel. 


fiber. 


fiber. 


I.... 

n... 
m.. 

IV.. 

v... 


Type 


VI.  .. 

VII.  . 
VIII. 

IX.  .. 

X.  ... 


XI. 
XII. 


XIV.  .. 

XV.  .. 


XVI.  .. 

XVII.  . 
XVIII. 


XXI.... 

xxn... 

XXIII.. 

xxrv.. 


A14-16. 
I  A 14-16. 
1  A14-16. 

A 16-18. 

A 16-18. 

A 16-18. 
C 14-16. 
C 14-16. 
C 14-16. 
B 16-16. 

BI6-16. 
B 16-16. 
A 14-16. 
A 16-18- 
B16-16. 

A 14-14. 
A 14-14. 
A14-14. 
A12-12. 
A12-12. 

A 13-12. 
A 14-16. 
A 14-16. 
A 14-16. 


s. 

Si 

v« 

Vt 

r  (calc.) 

1  (calc.) 

/  (obs.) 

In* 

In* 

Inchts 

Inches 

Ji».« 

/n.« 

iai 

6.1 

2. 13 

3.61 

0.385 

21.6 

20.5 

10.4 

6.4 

2. 15 

3.60 

.381 

22  4 

2L5 

10.3 

6.3 

2.17 

3.52 

.381 

22.3 

24.5 

B  A 

0.  1 

it  11 

17  R 

8.2 

4.8 

2.08 

3.52 

.371 

17.0 

16.2 

8.7 

5.1 

2.00 

3.57 

.360 

18.1 

17.4 

10.5 

6.4 

2. 15 

3.51 

.380 

22.5 

20.4 

10.4 

6.4 

2.20 

3.54 

,  3i«3 

22.8 

20.8 

10.6 

6.5 

2. 16 

3.52 

,  380 

23.  0 

26.  3 
13.9 

8.7 

4.6 

L  51 

2.84 

.347 

13.2 

8.5 

4.5 

1.50 

285 

.345 

12  7 

13.4 

0.2 

4.8 

L40 

2.88 

.341 

13.7 

13.8 

10.8 

6.6 

217 

3.53 

.381 

23.4 

23.4 

8.5 

5.0 

2.10 

3.54 

.372 

17.8 

17.1 

0.0 

4.7 

L48 

2.86 

.341 

13.4 

13.4 

12.0 

8. 1 

230 

3.41 

.403 

27.6 

27.0 

11.8 

&  1 

2.  32 

3.30 

.406 

27.3 

25.4 

11.6 

8.0 

2.33 

3.38 

.405 

27.1 

26.2 

15.9 

10.6 

2.22 

3.31 

.402 

35.2 

33.7 

16.5 

10.4 

2.15 

3.42 

.386 

35.6 

35.9 

15.9 

10  4 

2.22 

3.39 

.306 

35.4 

36.1 

1L1 

6.6 

2.11 

3.53 

.374 

23.4 

22.4 

11.1 

6.6 

2.11 

3.55 

.373 

23.5 

229 

1L0 

6.6 

2.12 

3.54 

.375 

23.4 

21.8 

Figures  18  to  21  show  some  typical  load-strain  curves  for  the  four 
cells  of  various  panels.  The  curves  for  Panel  III,  Figure  18,  show 
the  strains  in  the  panel  on  the  second  loading,  the  dashed  lines  show- 
ing the  calculated  values  of  the  strains  are  drawn  through  the  set 
obtained  at  zero  load  after  loading  to  the  limiting  deflection. 

From  the  compressive  and  tensile  strain  data  the  neutral  axis 
could  be  located  at  different  loads  on  the  assumption  that  plane  sec- 
tions remain  plane.  It  was  found  desirable  to  express  the  location  of 
the  neutral  axis  in  terms  of  a  proportion  of  the  total  height  of  the  cell, 
thus  minimizing  the  effect  of  irregularities  in  the  heights  of  the  cells. 
As  will  appear  later,  the  relation  to  load  of  the  apparent  position  of 
the  neutral  axis  given  by  the  strain  data  is  of  value  in  determining 
the  way  in  which  the  specimen  begins  to  fail  at  mid-span  and  also  in 
judging  whether  the  various  parts  of  the  section  are  acting  integrally. 
The  location  of  the  neutral  axis  was  expressed  in  terms  of  a  variable 
defined  as  follows: 


et  +  et 


where  ee  and  et  are  the  compressive  and  tensile  strains  respectively. 
This  r  is  the  ratio  to  the  total  height  of  the  distance  from  the  neutral 
axis  to  the  top  of  the  cell.  Even  when  plastic  deformation  has  oc- 
curred, r  continues  to  represent  quite  closely  the  position  of  the  neu- 
tral axis 7  provided  that  the  upper  and  lower  elements  composing  the 

'  Bach  and  Bauraann,  Elastizitfit  und  Festigkelt.  9tb  ed.,  p.  266.  Eugen  Meyer,  Berechnung  der  Durcb- 
biegung  von  Staben,  deren  Material  den  Uookescheu  Oi^etz  uiclit  fulgt.  Zeit.  dea  Verein  Deutseuer  Inge- 
nieure,  p.  167,  1«08. 
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cell  act  integrally.  Values  of  r  are  determined  very  simply  by  graph- 
ical methods  and  from  these  values  plots  of  r  against  load  were  made 
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Figure  18. — Load-strain  curves  for  Panel  III 


JO 


for  each  cell.  For  a  sturdy  beam  acting  according  to  the  usual  sim- 
ple theory,  these  values  of  r  should  be  identical  with  the  values  of 
rCai«.  given  in  Table  6. 


0  6  12  18  24 

Strain  In  Ten -Thousandths  -  in.  per  in. 

Figure  19.— Load-strain  curves  for  Panel  XII 

Figures  22  to  24  give  characteristic  curves  showing  the  values  of  r 
at  the  various  loads.  The  values  of  rtt,e.  are  indicated  by  the  dashed 
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Some  typical  curves  showing  the  reduction  in  height  of  the  cells 
over  the  supports  as  the  load  increases  are  given  in  Figures  25  to  27. 

VUI.  DISCUSSION  OF  THE  TEST  RESULTS  OF  THE  PANELS 

1.  SPECIMENS  OF  TYPES  A  AND  B 
<•)  ELASTIC  BEHAVIOR 

The  close  agreement  shown  in  Table  6  between  the  calculated 
moment  of  inertia  and  that  derived  from  the  load-deflection  data 
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20  22 


shows  that  for  engineering  purposes  the  specimens  of  tvpes  A  and 
B  behaved  as  purely  elastic  structures  up  to  the  proportional  limit. 
The  average  ratio  of  observed  to  calculated  moment  of  inertia  is  98 
per  cent,  the  ratios  ranging  from  93  per  cent  for  panel  XVII  to  110  per 
cent  for  Panel  III.  I4  or  three-quarters  of  the  specimens  the  ratios 
were  within  4  per  cent  of  the  average  value.  In  the  load-deflection 
curves  of  Figures  12  and  13,  the  calculated  deflection  will  be  seen  to 
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be  close  to  the  observed  value,  the  observed  value  for  all  the  panels 
being  in  general  a  little  greater.  The  sets  in  deflection  after  unload- 
ing from  the  limiting  deflection,  given  in  Table  5,  were  negligible. 
They  were  due  to  readjustment  of  the  specimen  near  the  loads  and 
supports  and  to  local  yielding.  It  is  believed  that  additional  appli- 
cations of  load  would  produce  only  slight  changes  in  the  values  of  the 
set.  The  creep  in  deflection  observed  after  holding  at  constant  load 
for  one  hour  at  the  limiting  deflection  was  negligible,  the  maximum 
value  being  0.002  inch  for  Panel  XI. 

When  some  of  the  specimens  formed  by  hand  setting  of  the  brake 
(panels  I  to  XII)  were  placed  on  the  supports,  there  were  gaps  of 
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Figure  25.— Reduction  in  cell  heights,  Panel  I 

as  much  as  a  quarter  of  an  inch  between  cell  bottoms  and  the  bearing 
pads.  Furthermore,  the  loads  were  not  distributed  evenly  over  the 
cells,  since  the  cell  tops  were  not  all  quite  in  the  same  horizontal 
plane,  though  these  inequalities  were  smaller  than  those  observed 
for  the  cell  bottoms  at  the  supports.  When  the  load  was  applied 
the  horizontal  webs  bent,  forcing  the  cell  tops  into  the  same  plane 
under  the  load  and  tending  to  close  up  the  gaps  over  the  supports, 
but  even  at  the  limiting  deflection  the  loads  and  reactions  were  not 
evenly  distributed  over  the  cells  because  of  the  differences  in  the 
heights  of  the  cells.  Because  of  this  condition,  the  strain  and  deflec- 
tion often  increase  more  rapidly  for  the  first  increments  of  load  than 
for  succeeding  increments.  Examples  of  this  may  be  seen  in  the 
load-deflection  curves  for  Panels  IV  and  X  (figs.  12  and  13)  and  in 
the  load-strain  curves  for  Panel  III  (fig.  18). 
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On  the  other  hand,  the  die-braked  specimens  (XII  to  XXIV) 
were  much  more  uniform  in  dimensions  and  were  flatter.  For  these 
panels  the  inequalities  of  the  kind  mentioned  produced  no  appreciable 
effects  on  the  deflections  or  strains. 

The  load-strain  curves  of  typical  panels  given  in  Figures  18  to  21 
show  that  the  observed  strain  is  in  no  case  much  greater  than  that 
computed  by  the  conventional  theory.  The  sets  in  the  strain  readings 
after  loading  to  the  limiting  deflection  were  small,  Panel  III  as  a  whole 
showing  the  largest  values  of  these  sets. 

For  all  specimens  of  types  A  and  B,  except  Panel  III,  Table  5 
shows  that  the  proportional  limit  was  equal  to  or  higher  than  the  load 

Cell  \ 


-0.20 


1 

1 

J  c 

) — i 

= 

1 


Cell  2 


?  o< 


=  0.20 1 
0) 

o 


H 

r 

Cell  5 


or 


0.20 


H 

5=J 

f— < 

n 

Cell  4 


O20 


1— < 

— 

■ 

— 

?  c 

2 


4       6       6       10      12      14      16  18 

Load  in  kips 
Figure  26.— Reduction  in  cell  heights,  Panel  XIII 

at  the  limiting  deflection.  Panel  III  was  a  product  of  the  earlier 
manufacturing  technique. 

Buckling  under  the  loading  plates  was  present  in  all  panels  before 
the  limiting  deflection  was  reached  and  could  be  observed  distinctly 
looking  along  the  interior  of  the  cell  illuminated  with  a  flash  light. 
After  removing  the  limiting  deflection  load,  slight  permanent  buckles 
remained  in  about  two-thirds  of  the  panels  which  were  examined 
for  permanent  buckles.  In  one  case  three  of  the  eight  areas  of  con- 
tact of  the  loading  plates  with  the  specimen  were  buckled,  in  another 
case  two,  and  in  the  remaining  five  cases  only  one.  It  appeared 
that  the  uniformity  of  the  die-braked  panels  resulted  in  less  severe 
indentation  under  load  and  in  fewer  permanent  buckles.  For  loads 
below  the  limiting  deflection,  the  buckling  under  the  loading  plates 
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is  almost  entirely  elastic.  Under  repeated  loading  the  presence  of 
slight  permanent  buckles  did  not  produce  any  measurable  change  in 
the  elastic  properties. 

(b)  NEUTRAL  AXIS 

The  position  of  the  neutral  axis  as  determined  by  the  strain  measure- 
ments at  the  middle  of  the  specimens  was  usually  in  good  agreement 
with  the  values  calculated  from  the  dimensions.  Tne  close  agree- 
ment of  the  observed  and  calculated  moments  of  inertia  indicates 
also  that  the  actual  nuetral  axis  was  close  to  its  calculated  position. 
For  some  cells,  however,  the  observed^vaiues  of  r  do  not  check  well 
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Figure  27.— Reduction  in  cell  heights,  Panel  XXIV 

with  the  calculated  values.  An  extreme  example  of  this  may  be 
seen  in  Figure  28,  showing  the  values  of  r  for  Panel  IV.  This  was 
due  to  the  top  and  bottom  of  the  cells  not  acting  integrally  in  portions 
of  the  specimen  near  the  gaze  lines. 

The  integral  action  of  tne  upper  and  lower  elements  depends 
upon  shearing  forces  being  transmitted  by  the  welds.  When  welds 
fail  under  load,  or  if  the  welding  should  fail  to  join  portions  of  the 
web,  there  is  a  lack  of  integral  action  between  the  top  and  bottom 
of  the  panel.  What  happens  then  may  best  be  visualized  by  consider- 
ing the  action  of  the  top  and  bottom  elements  when  placed  together 
as  in  the  panel,  but  unconnected  by  any  welding.  The  bending 
moment  then  is  distributed  between  the  two  elements  in  proportion 
to  their  respective  moments  of  inertia.  Since  the  moment  of  inertia 
of  the  bottom  element  is  much  greater  than  that  of  the  top,  most 
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of  the  bending  moment  will  be  carried  by  the  lower  element.  It 
follows  that  for  a  riven  bending  moment  on  a  panel  the  compressive 
stress  at  the  top  of  an  unwelded  panel  is  less,  while  the  tensile  stress 
at  the  bottom  is  greater  than  if  the  panel  had  been  welded.  Strain- 
gage  readings  on  the  upper  and  lower  surfaces  of  such  a  panel  would 
indicate  the  position  of  the  neutral  axis  to  be  above  that  for  a  welded 
panel.  The  values  of  r  observed  in  such  a  case  would  be  less  than 
those  calculated  on  the  assumption  of  integral  action  of  the  upper 
and  lower  elements  of  the  panel. 

Actual  cases  of  incomplete  integration  in  the  webs  are  intermediate 
between  the  fully  welded  and  the  unwelded  case  described.  The 
values  of  r  in  Figure  28  show  an  extreme  effect  of  this  kind.  Cells 
3  and  4  of  Panel  XVIII  (fig.  24)  illustrate  the  results  of  poorly  inte- 


Load  in  kips 

Figure  28  —  Values  of  r  for  Panel  IV 

grated  portions  of  the  web  near  mid-span.  As  the  load  increased  on 
the  panel,  the  intact  welds  at  the  end  of  the  defective  portion  began 
to  take  up  the  shearing  forces  that  otherwise  would  have  been  trans- 
mitted by  that  portion.  This  tightening-up  process  brings  the  value 
of  r  nearer  the  calculated  value  as  the  load  increases,  as  can  be  seen 
in  the  curves.  The  compressive-strain  curve  for  the  first  cell  of 
Panel  III  (fig.  18)  illustrates  the  effect  of  defective  integration  on  the 
strains.  The  tensile-strain  curve  for  this  cell  shows  an  increase  over 
the  calculated  value,  but  the  percentage  change  is  not  as  great  as  for 
the  compressive  strain.  In  general,  it  may  be  said  that  defective 
integration  in  the  web  reduced  the  compressive  stresses  in  the  upper 
cells  to  a  greater  degree  than  it  increased  the  tensile  stresses  in  the 
lower  cells.  For  Panel  IV  the  compressive  stresses  observed  at  the 
proportional  limit  were  markedly  lower  than  the  computed  values, 
while  the  tensile  stresses  observed  were  not  much  greater  than  the 
computed  values,  the  maximum  value  of  the  observed  stress  being 
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33.6  kips/in.2  compared  with  a  computed  stress  of  31.2  kips/in.2.  At 
the  limiting  deflection  the  maximum  excess  of  observed  over  computed 
tensile  stress  amounted  to  4.3  kips/in.2,  or  18  per  cent,  for  the  hand- 
set Panel  III,  as  can  be  seen  in  Figure  18  (cell  4).  For  the  more 
accurately  dimensioned  panels  formed  over  dies  and  welded  auto- 
maticallv,  the  maximum  excess  was  1.9  kips/in.2,  or  9  per  cent  for 
Panel  XIX. 

(c)  WELDS 

The  shearing  forces  on  the  welds  may  be  computed  from  the  formula 

3  SQ 
*~16  / 

where 

s  =  the  shearing  force  in  kips  on  a  single  weld, 

S=  the  total  vertical  shear  in  kips  per  panel, 

Q=  the  static  moment  in  in.3  about  the  neutral  axis  of  that  por- 
tion of  the  section  lying;  above  the  welds. 

7=  the  moment  of  inertia  in  in.4  of  a  single  panel. 
The  coefficient  three-sixteenths  inch  takes  account  of  the  spacing  of 
the  welds.  For  the  panels  tested,  s  ranged  from  0.0325  to  0.036S. 
At  the  proportional  limit,  the  panels  with  the  exception  of  those  of 
the  A12-12  type  gave  a  minimum  factor  of  safety  of  the  welds  in 
shear  of  10,  based  on  the  conservative  strength  of  two  kips  per  weld 
that  was  recommended  in  Section  V.  The  A 12-1 2  specimens  had  a 
minimum  factor  of  safety  of  5.5.  The  failure  of  welds  below  the  pro- 
portional limit,  which  is  indicated  in  some  cases  by  the  decrease  of 
r  with  load,  can  not,  therefore,  be  ascribed  to  shear  alone.  As  the 
neutral  axis  was  below  the  horizontal  web  for  all  the  panels,  it  is 
probable  that  under  the  compressive  stresses  the  sheets  composing 
the  web  separated  by  buckling,  causing  tension  in  the  welds  in  addi- 
tion to  shearing  forces. 

Certain  specimens  showed  poor  joining  of  the  webs  as  indicated  by 
the  change  of  r  with  load,  this  being  true  of  many  of  the  first  group 
of  panels  received  (I  to  XII)  and  also  of  the  A12-12  panels,  XIX  to 
XXI.  No  failure  could  be  ascribed  to  defective  welds  alone,  although 
undoubtedly  the  increased  tensile  stress  produced  yielding  in  the 
panels  at  earlier  loads.  Any  significant  effects  of  poor  or  inadequate 
welding  would  be  shown  by  a  lowering  of  the  proportional  limit. 

(d)  CELL  HEIGHTS  AT  THE  SUPPORTS 

The  pressure  of  the  reactions  reduced  the  height  of  the  cells  over 
the  supports  as  shown  by  Figures  25,  26,  and  27.  This  reduction  of 
the  height  was  shown  to  be  almost  entirely  elastic  up  to  the  limiting 
deflection  load  by  the  absence  of  appreciable  permanent  changes  in 
the  cell  heights.  Except  for  Panel  III,  the  maximum  observed  per- 
manent reduction,  after  applying  the  limiting  deflection  load,  was 
0.03  inch  for  one  cell  of  Panel  XXII.  Two  cells  in  Panel  III  de- 
creased 0.05  inch  in  height,  one  cell  0.04  inch,  and  three  cells  0.03 
inch.  This  anomalous  behavior  of  Panel  III  is  due  apparently  to 
irregularity  in  sizes  of  the  cells,  this  panel  having  been  formed  on  a 
hand-set  brake.  The  average  permanent  reduction  in  ceil  heights 
after  unloading  from  the  limiting  deflection  was  0.007  inch. 
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The  maximum  reductions  in  cell  height  observed  at  the  limiting 
deflection  were  0.08  inch  for  one  cell  of  Panel  I,  0.07  inch  for  one 
cell  of  Panel  III,  and  0.05  inch  for  one  cell  of  Panel  XVI.  The 
high  values  for  Panel  I  and  III  are  due  to  the  irregularity  of  dimen- 
sions characteristic  of  the  panels  formed  on  the  hand-set  brake. 
Values  for  the  other  panels  were  all  less  than  0.05  inch  and  averaged 
0.02  inch.  The  reduction  in  cell  height  for  die-braked  panels  is  there- 
fore negligible  at  the  limiting  deflection  load. 

(c)  FAILURE  OP  THE  PANELS 

As  the  load  was  increased  above  the  proportional  limit,  buckles 
appeared  in  the  cell  tops  between  the  loads  and  increased  in  size 
and  number  up  to  the  maximum  load.  At  the  same  time  the  inden- 
tations in  the  cell  tops  under  the  loading  plates  increased  slowly  in 
depth  and  in  a  few  panels  buckles  appeared  in  the  upper  portion  of 
the  side  walls  of  the  cells.  Failure  in  the  upper  portion  of  the  speci- 
men appeared  to  take  place  entirely  by  buckling,  though  the  A12-12 
specimens  (see  fig.  16)  showed  strain  lines  on  the  cell  tops  running 
about  45°  to  the  axis  of  the  panel,  which  indicated  that  the  yield 
point  in  Compression  had  been  reached. 

In  no  cases  did  any  crumpling  or  buckling  start  from  irregularities 
of  shape  or  from  dents  which  had  occurred  in  manufacture  or  ship- 
ment. Even  in  the  panels  having  the  thinnest  bottom  sheets  (18 
gage),  the  reinforcing  at  the  ends  oi  these  panels  inhibited  completely 
any  crumpling  of  the  cell  bottoms  over  the  supports. 

For  most  of  the  specimens  sharp  cracks  were  neard  as  the  maximum 
load  was  approached  and  occasionally  at  loads  below  the  proportional 
limit.  It  is  believed  that  these  sounds  were  due  to  the  fracturing  of 
welds.   Many  weld  fractures,  however,  were  undoubtedly  inaudible. 

Departure  from  elastic  behavior  in  the  specimens  may  be  due  to 
the  following  causes:  (1)  Yielding  of  the  cell  bottoms  in  tension, 
(2)  buckling  of  the  cell  tops  in  compression,  (3)  failure  of  welds,  and 
(4)  effect  of  the  concentrated  loads. 

The  first  three  points  will  be  discussed  in  the  light  of  the  observa- 
tions at  mid-span,  30  inches  from  the  loads. 

The  stress  at  which  compression  failure  by  buckling  began  to 
occur  is  dependent  on  the  yield  point  of  the  material,  since  the  elastic 
buckling  is  negligible  with  respect  to  the  inelastic.  For  14  and  16 
gage  sheet  having  a  yield  point  of  20  to  25  kips/in.2,  inelastic  buckling 
seemed  to  set  in  at  a  stress  of  around  12  kips/in.2  for  specimens  of 
type  A.  The  14-gage  material  with  a  yield  point  of  41  to  46  kips/in. 2 
in  type  A  buckled  at  a  stress  of  about  22  kips/in.2  For  type  B,  the 
buckling  stress  appeared  to  be  a  little  lower  with  respect  to  the  yield 
point,  16-gage  material  with  a  yield  point  of  21  kips/in.2  beginning 
to  show  marked  buckling  at  stresses  of  10  to  12  kips/in.2 

The  dimensions  of  panels  of  the  A14-16  and  A16-18  types  were 
such  that  simultaneous  compression  and  tension  failures  occurred  at 
mid-span  provided  that  the  observed  values  of  r  were  in  fair  agreement 
with  the  computed  values.  The  compression  failures  in  the  A16-18 
panels,  once  they  started,  progressed  more  rapidly,  however,  than  in 
the  heavier  top  sheets  of  the  A14-16  type.  When  the  observed 
values  of  r  agree  with  the  computed  values,  the  ratio  of  compressive 
to  tensile  stress  in  these  two  types  is  about  0.60.    When  this  ratio 
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becomes  a  little  greater,  as  the  A14-14  and  A12-12  types,  for  which  it 
is  about  0.67,  failure  tends  to  begin  by  buckling  and  tnen  develops  by 
combined  buckling  and  yielding  in  tension. 

In  the  type  B  panels  the  restraint  offered  to  the  buckling  by  the 
webs  caused  tensions  in  the  welds  which,  in  conjunction  with  the 
shearing  forces,  were  sometimes  enough  to  cause  failure  of  the  welds 


specimen  in  which  the  top  sheet  separated  from  the  bottom  sheet  at  a 
load  near  the  maximum,  thus  permitting  the  buckles  to  spread  from 
one  cell  top  to  another  across  the  full  widtn  of  the  panel. 

The  effects  of  the  welding  on  the  failures  have  already  been  dis- 


The  effect  of  the  concentration  of  the  loads  on  the  proportional 
limits  of  the  panels  may  best  be  judged  by  comparing  the  stresses  at 
mid-span  at  the  proportional  limit  with  the  yield  point  of  the  bottom 
sheets  given  either  by  the  tensile  tests  or  by  the  load-strain  curves. 
On  the  average,  the  proportional  limit  occurs  at  a  mid-span  stress  of 
around  0.7  of  the  yield  point,  though  some  specimens  had  proportional 
limits  wbich  develop  the  yield  point  stresses  at  the  center  (yl  XXII. 
and  XXIII).  A  closer  examination  of  the  results  on  this  point  is  of 
little  use,  since  in  many  cases  materials  of  widely  different  yield  points 
were  used  for  the  bottom  sheets. 

The  local  effects  produced  by  the  concentrated  loads  may  be  three, 
as  follows:  (1)  Indentation  and  buckling  of  the  cell  tops  under  the 
loading  plates;  (2)  buckling  of  the  web  producing  weld  failures  near  the 
loads  and  consequently  increased  tensile  stress  in  the  cell  bottom;  and 
(3)  possibly  an  increase  in  stress  under  the  concentrated  loads 
considerably  above  that  calculated  from  the  conventional  theory. 
Such  stresses  have  been  predicted  by  Schnadel.8  For  box  girders  with 
a  length  of  6.3  times  the  width  and  loaded  at  the  quarter  points,  he  has 
calculated  the  maximum  longitudinal  stress  in  the  top  and  bottom 
plates  at  the  quarter  points  to  be  70  per  cent  in  excess  of  that  at  mid- 
span. 

The  disappearance  of  buckles  under  the  loading  plates  on  unloading 
from  the  limiting  deflection  and  the  fact  that  there  was  no  evidence  of 
reduction  in  the  proportional  limit  on  repeated  loading  justifies  the 
conclusion  that  indentation  of  the  cell  tops  by  the  concentrated  loads 
is  of  small  importance  up  to  the  proportional  limit.  It  would  be 
reasonable  to  expect,  however,  that  the  indentations  would  lower 
the  compressive  resistance  of  the  panel  at  these  points.  The  effect 
predicted  by  Schnadel  should  be  verified  by  some  independent  means, 
out  must  be  accepted  as  a  possibility.  In  any  case,  it  may  be  con- 
cluded that  under  uniform  loading  and  on  similar  spans  tno  panels 
will  behave  satisfactorily  over  a  range  at  least  equal  to  that  given 
by  the  proportional  limit  of  the  present  tests. 

Had  the  dimensions  of  the  first  12  specimens  been  uniform  and  had 
the  material  and  welding  been  likewise  more  uniform,  the  results 
would,  undoubtedly,  have  not  shown  so  much  scatter.  The  tests 
have  shown  that  tne  three  stages  of  manufacturing  technique  have 
resulted  in  panels  progressively  better  in  strength  properties  and  in 
uniformity  of  dimensions. 

.  •  Oeorg  Schnadel,  Die  mittragende  Breite  In  Kastentragern  and  In  Doppelboden,  Werft-ReedereJ-Hafen, 
Mar.  7. 1828,  Heft  6,  p.  «. 
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2.    SPECIMENS  OF  TYPE  C 

The  agreement  between  the  observed  and  computed  moments  of 
inertia  in  Table  6  is  poor  for  the  specimens  of  type  C.  No  reason 
was  found  for  the  high  moment  of  inertia  observed  for  Panel  IX. 
The  proportional  limits  (Table  5)  were  low  with  respect  to  the  limiting 
deflection  loads  and  the  maximum  loads  were  lower  than  for  any 
specimens  of  the  A 14- 16  type.  The  panels  failed  from  an  inherent 
defect  in  design,  the  sheets  composing  the  webs  splitting  apart  at  the 
ends  due  to  combined  tension  and  shear  on  the  welds.  The  tension 
on  the  welds  was  produced  by  the  panel  being  supported  at  the  ends 
only  by  the  projecting  top  element. 

IX.  CONCLUSIONS 

The  loading  tests  on  sheet  steel  floor  panels  having  longitudinal 
stiffening  cells  and  either  flat  or  corrugated  top  surfaces  justify  the 
following  conclusions  for  types  A  and  B  (fig.  1). 

1.  The  elastic  range  of  the  panels  was  equal  to  or  in  some  cases  in 
excess  of  the  maximum  working  range  set  by  the  usual  deflection 
requirements  (deflection  less  than  one  three  hundred  and  sixtieth  of 
the  span)  in  10-foot  floor  panels.  This  elastic  range  is  the  fundamen- 
tal criterion  of  the  usefulness  of  the  panels. 

2.  The  maximum  load  carried  by  these  panels  showed  a  consider- 
able and  satisfactory  margin  of  safety  against  overloading. 

3.  The  method  in  common  use  for  designing  beams  affords  a  satis- 
factory basis  for  predicting  the  elastic  behavior  of  these  floor  sections. 
The  stiffness  of  the  panels  calculated  from  average  dimensions  was  in 
excellent  agreement  with  that  calculated  from  the  deflection.  The 
distribution  of  longitudinal  stress  in  the  die-braked  panels  can  be 
satisfactorily  predicted  by  the  usual  methods  of  design  if  an  allowance 
of  10  per  cent  is  made  to  cover  the  possible  irregularities  in  the  dis- 
tribution of  tensile  stress. 

4.  The  spot  welds  used  in  joining  tbe  sheets  were  amply  strong  in 
shear,  but  some  may  have  failed  by  buckling  apart  of  the  two  sheets 
in  the  web  between  the  welds.  These  failures,  however,  had  no 
appreciable  effect  on  the  behavior  of  the  panels  within  the  elastic 
range. 

5.  The  location  of  the  neutral  axis  is  in  accord  with  the  calculated 
location  except  where  imperfect  integration  by  the  welds  of  the  top 
and  bottom  elements  of  the  section  may  lead  to  a  displacement.  It 
is  therefore  desirable  that  controlled  automatic  welding  be  used  in 
the  manufacture  of  such  panels. 

6.  The  thin-walled  sections  showed  a  considerable  stability  against 
secondary  failure,  even  under  concentrated  loads. 

Panels  of  type  C  (fig.  1 )  showed  an  inherent  defect  in  design,  failure 
being  due  to  tension  on  the  end  welds  of  the  web,  there  being  no  pro- 
vision to  strengthen  the  ends  of  the  webs  to  withstand  these  forces. 

Washington,  June  4,  1932. 
127984—32  4 
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THE  INFLUENCE  OF  TEMPERATURE  ON  THE  EVOLU- 
TION OF  HYDROGEN  SULPHIDE  FROM  VULCANIZED 
RUBBER 

By  A.  D.  Cummings 


ABSTRACT 

Evolution  of  hydrogen  sulphide  from  vulcanized  rubber  containing  8  to  32  per 
cent  sulphur  has  been  measured  when  the  temperature  of  the  specimens  was 
raised  step  by  step  from  105°  to  265°  C,  and  the  time  intervals  kept  equal.  The 
same  sample  of  each  compound  was  employed  throughout  the  whole  temperature 
range.  The  rate  of  decomposition  increases  as  the  temperature  is  raised,  except 
in  the  case  of  the  compounds  containing  the  higher  percentages  of  sulphur,  when 
it  passes  through  a  maximum. 

The  loss  of  hydrogen  sulphide  has  also  been  determined  for  four  different  com- 
pounds containing  4,  10,  18,  and  32  per  cent  sulphur  when  samples  were  heated 
for  200  hours  at  136°  C,  and  also  when  other  samples  of  these  compounds  were 
maintained  for  the  same  length  of  time  at  220°  C.  In  each  case,  the  rate  of 
decomposition  decreases  rapidly  at  first,  but  after  several  days'  heating,  the 
decrease  becomes  relatively  slow.  In  general,  the  rate  increases  with  tempera- 
ture and  with  increasing  sulphur  content.  Other  products  evolved  are  moisture 
and  organic  compounds. 

The  data  presented  in  this  paper  supplement  and  confirm  previous  results  on 
the  evolution  of  hydrogen  sulphide  from  vulcanized  rubber  and  indicate  at  what 
temperatures  direct  thermal  decomposition  of  different  rubber-sulphur  compounds 
wUl  become  significant.  No  mechanism  to  explain  the  chemical  changes  involved 
is  suggested.    This  question  is  worthy  of  further  investigation. 
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I.  INTRODUCTION 

This  paper  presents  the  results  of  measurements  of  the  evolution 
of  hydrogen  sulphide  from  rubber-sulphur  compounds  heated  at 
various  temperatures.  Determination  of  the  amount  of  hydrogen 
sulphide  produced  under  different  conditions  was  used  to  measure 
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the  degree  of  decomposition  of  the  rubber.  Two  types  of  experiments 
were  carried  out:  (1)  Samples  of  vulcanized  rubber  containing  8  to 
32  per  cent  sulphur  were  heated  for  8-hour  intervals  at  13  tempera- 
tures between  105°  and  265°  C,  and  (2)  samples  having  sulphur  con- 
tents of  4,  10,  18,  and  32  per  cent  were  maintained  for  about  200 
hours  at  constant  temperature,  one  set  of  specimens  at  136°  and 
another  group  at  220°  C. 

These  measurements  of  deterioration  were  undertaken  in  connec- 
tion with  an  investigation  on  the  electrical  properties  of  vulcanized 
rubber  at  relatively  high  temperatures.  During  these  experiments, 
samples  of  rubber-sulphur  compounds  had  been  subjected  to  a  wide 
range  of  temperatures.  Time  of  exposure  to  each  temperature  had 
been  about  eight  hours.  The  purpose  of  the  present  work  was  to 
determine  when  the  sulphur  content  of  a  specimen  had  changed 
sufficiently  to  affect  its  dielectric  constant  and  power  factor  by  a 
measurable  amount.  In  order  to  approximate  the  conditions  under 
which  the  electrical  tests  were  made,  it  was  necessary  to  determine 
the  amount  of  decomposition  when  rubber  vulcanized  with  8  to  32 
per  cent  sulphur  was  heated  for  successive  intervals  of  eight  hours 
each  at  temperatures  changed  in  unequal  steps  from  105°  to  265°  C. 
To  make  this  information  more  complete  and  to  obtain  additional 
data  which  could  be  compared  with  previous  investigations,  the  work 
was  extended  to  include  determinations  of  the  loss  of  hydrogen  sul- 
phide from  vulcanized  rubber  heated  for  a  long  time  at  constant  tem- 
perature. The  electrical  properties  of  the  whole  series  of  rubber- 
sulphur  compounds  is  the  subject  of  a  separate  investigation  at  this 
bureau,  and  will  be  reported  in  another  paper. 

Many  investigators  nave  shown  that  hydrogen  sulphide  is  associated 
with  the  vulcanization  of  rubber  and  with  its  subsequent  deteriora- 
tion during  aging.  Stevens  and  Stevens  have  noted  the  evolution  of 
hydrogen  sulphide  during  the  vulcanization  of  ebonite  at  tempera- 
tures above  70°  C.  Webster,  Fry,  and  Porritt  have  shown  that 
ebonite  evolves  hydrogen  sulphide  at  ordinary  temperatures  as  well 
as  when  heated  and  have  measured  the  rate  of  decomposition  at 
several  temperatures.  Wolesensky  has  found  that  both  soft  and 
hard  rubber  lose  hydrogen  sulphide  at  all  temperatures  above  25°  C. 
For  more  details  of  previous  investigations  on  this  problem  during 
the  last  few  years,  the  reader  is  referred  to  the  papers  by  the  authors 
mentioned.1  A  review  of  the  literature  up  to  1929  is  given  in  the 
paper  by  Wolesensky. 

The  results  described  in  this  paper  represent  a  single  set  of  measure- 
ments of  the  evolution  of  hydrogen  sulphide  when  compounds  of 
purified  rubber  and  sulphur  were  heated  under  different  conditions 
of  time  and  temperature.  Possible  effects  or  variations  which  might 
be  encountered  with  rubber  samples  made  at  different  times  or 
prepared  in  different  forms  for  exposure  to  the  heat,  or  with  other 
changes  in  experimental  conditions  were  not  investigated.  The 
results  show  the  loss  of  hydrogen  sulphide  when  rubber-sulphur  com- 
pounds representative  of  the  whole  series  from  soft  to  hard  rubber 
were  heated  step  bv  step  from  105°  to  265°  C,  and  also  when  heated 
for  200  hours  at  136°  and  at  220°  C. 


>  Edward  Wolosonsky,  B.  8.  Jour.  Research,  vol.  4,  p.  601.  1930;  Rubber  Cbem.  Tech.,  voL  8,  p. 
1930.  J.  D.  Fry  and  B.  D.  Porritt,  India  Rubber  J.,  vol.  78,_p.  307,  1H29.   D.  M.  Webster  and  B.  D. 
PoiTitt.  Indin  Rubber  J.,  vol.  79,  p.  239,  1930;  Rubber  Chem.  Tecb.,  vol.  3,  p.  818,  1930.   H.  P.  8tevens 
and  W.  H.  8t«vens,  J.  8oc.  Chem.  Ind.,  vol.  SO,  p.  397T,  1931. 
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II.  PREPARATION  OF  SPECIMENS 

The  rubber  specimens  were  prepared  from  protein-free  rubber 
hydrocarbon  ana  sulphur.  The  rubber  hydrocarbon  was  obtained 
from  latex  by  digestion  with  hot  water  and  extraction  with  water  and 
alcohol,  in  accordance  with  the  method  described  by  McPherson,2 
which  gives  a  purified  material  containing  about  99.5  per  cent  hydro- 
carbon. A  master  batch  of  rubber  and  sulphur  was  made  and  por- 
tions of  this  were  blended  with  fresh  rubber  hydrocarbon  to  give  any 
sulphur  content  desired.  The  specimens  were  prepared  by  pressing 
samples  of  these  rubber-sulphur  mixtures  between  thin  aluminum 
plates  separated  by  a  spacer  1.25  mm  in  thickness.  The  specimens 
were  then  placed  in  an  autoclave  and  vulcanized  for  40  hours  at  141°  C. 
under  pressure  of  carbon  dioxide.    The  long  period  of  vulcanization 


Figure  1. — Apparatus  used  for  measurement  of  decomposition  of  vulcanized 

rubber 


a,  cylinder  of  commercial  hydrogen  to  provide  an 
inert  atmosphere  and  sweep  out  products  evolved 
while  the  rubber  Is  heated. 

6t  concentrated  alkaline  pyrogallol  solution  on 
glass  wool  to  absorb  traces  of  oxygen. 

c,  tower  containing  calcium  chloride  and  magne- 
ium  perchlorate  to  dry  the  gas  stream. 

d,  glass  tube  containing  the  rubber  sample  cut 
into  strips. 

t,  oil  Wh.  electrically  heated  and  thermostat- 
ically controlled. 

f.  trap  in  ice-salt  freezing  mixture  to  collect  any 
volatile  liquids. 


g,  U  tube  containing  magnesium  perchlorate  to 
absorb  moisture  given  off  from  the  rubber. 

A,  U  tube  containing  saturated  potassium  hy- 
droxfde  solution  on  glass  wool  to  absorb  hydrogen 
sulphide,  protected  at  each  end  by  drying  agent  to 
prevent  loss  of  moisture  from  the  tube. 
i,  protective  drying  tube  and  bubble  counter. 
Note.— In  some  cases  lead  acetate  solution  was 
used  as  an  absorber  for  hydrogen  sulphide.  This  is 
indicated  by  the  gas-washing  bottle,  k,  preceded 
by  the  drying  tube,  1,  to  prevent  back  diffusion  of 
ire  into  the  weighed  drying  tube,  g. 


resulted  in  a  product  which  contained  practically  no  free  sulphur  in 
the  soft  and  medium  hard  rubber  ranges.  In  the  case  of  pure  hard 
rubber,  analyses  on  different  samples  of  stock  containing  32  per  cent 
sulphur  showed  from  0.5  to  0.8  per  cent  free  sulphur.  In  the  present 
experiments,  the  32  per  cent  sample  was  the  only  one  to  show  a 
deposit  of  sublimed  sulphur. 

III.  APPARATUS  AND  PROCEDURE  FOR  DETERMINING 
THE  HYDROGEN  SULPHIDE  DISSOLVED 

The  essential  features  of  the  apparatus  were  a  supply  of  inert  gas, 
a  tube  to  hold  the  rubber  sample,  a  constant  temperature  bath,  and 
an  absorber  for  the  hydrogen  sulphide.  The  individual  parts  of  the 
apparatus  are  indicated  and  described  in  Figure  1 . 


•A.  T.  Mc 
B.  8.  Jour. 


A  Method  for  the  Purification  of  Rubber  and  Properties  of  the 
vol.  8  (KP449),  p.  751,  1»32. 
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The  general  method  chosen  for  measuring  the  deterioration  of  vul- 
canized rubber  when  heated  was  determination  of  the  amount  of 
hydrogen  sulphide  evolved.  This  determination  was  carried  out  in 
two  ways:  (1)  the  hydrogen  sulphide  was  absorbed  in  lead  acetate 
solution  and  the  lead  sulphide  collected  and  weighed,  and  (2)  the 
hydrogen  sulphide  was  absorbed  by  saturated  potassium  hydroxide 
solution  contained  in  a  tube  which  could  be  weighed  directly.  Both 
methods  were  equally  satisfactory  under  appropriate  conditions. 
Absorption  in  lead  acetate  is  preferable  when  a  very  small  amount  of 
hydrogen  sulphide  is  to  be  measured,  but  when  much  lead  sulphide 
is  formed  this  method  becomes  exceedingly  time-consuming  on 
account  of  slow  filtration. 

1.  MEASUREMENT  OF  THE  EVOLUTION  OP  HYDROGEN  SULPHIDE 

DURING  STEP-BY-STEP  HEATING 

The  decomposition  in  this  part  of  the  work  was  carried  out  with  a 
simplified  apparatus  consisting  of  gas  supply,  sample  tube  and 
heater,  trap,  and  hydrogen  sulphide  absorber.  In  order  to  duplicate 
more  nearly  the  conditions  during  the  electrical  test  when  the  inert 
gas  was  not  purified,  the  purifying  train  was  omitted.  The  drying 
tube,  g,  was  not  used  because  it  was  not  intended  to  account  for  all 
products  formed.  Only  sections  a,  d,  e,  f,  and  k  of  the  apparatus 
were  employed. 

The  tubes  containing  5-gram  samples  of  rubber  in  strips  cut  from 
the  specimens  previously  described  were  placed  in  the  oil  bath  and  the 
stream  of  hydrogen  3  started.  The  bath  was  heated  from  room 
temperature  up  to  105°  C.  where  it  was  held  for  eight  hours.  The 
absorber  containing  lead  acetate  solution  was  then  changed,  provided 
any  precipitated  lead  sulphide  was  visible,  and  the  temperature  was 
raised  to  115°.  The  lead  sulphide  formed  was  collected  by  filtration 
through  a  Gooch  crucible,  washed,  dried,  and  weighed.  This  pro- 
cedure was  repeated  step  by  step  every  eight  hours  at  13  temperatures 
between  105°  and  265  ,  with  samples  containing  from  8  to  32  per 
cent  sulphur.  All  samples  were  heated  for  eight  hours  at  each 
temperature  before  being  raised  to  the  next  higher  temperature.  It 
was  already  known  that  the  electrical  properties  of  rubber  containing 
less  than  8  per  cent  sulphur  were  not  changed  a  significant  amount 
by  loss  of  sulphur  when  heated  under  these  conditions,  consequently 
the  experiments  were  begun  with  the  8  per  cent  compound.  Temper- 
atures below  100°  did  not  cause  a  change  in  sulphur  content  sufficient 
to  be  detected  in  the  electrical  measurements  on  a  specimen  con- 
taining the  maximum  amount,  32  per  cent,  of  sulphur,  therefore 
105°  was  selected  as  the  initial  temperature. 

2.  MEASUREMENT  OF  THE  EVOLUTION  OF  HYDROGEN  SULPHIDE  AT 

CONSTANT  TEMPERATURE 

The  apparatus  was  used  complete  as  described  for  this  part  of  the 


sulphide  were  employed.    The  specimen  tubes  containing  20  to  50  g 


1  No  significant  error  was  Introduced  by  reaction  of  the  hydrogen  with  any  small  amount  of  free  sulphur 
in  the  rubber.  The  rate  of  reaction  of  hydrogen  with  sulphur  Is  relatively  slow  at  the  highest  temperature 
used  in  the  present  experiments.  (See  J.  W.  Mellor,  A  Comprehensive  Treatise  on  Inorganic  and  Theo- 
retical Chemistry,  vol  10,  pp.  117  ft.,  1930.)  Furthermore,  an  experiment  In  which  steam  whs  used  as  the 
inert  icns  (rave  substantially  the  same  rate  of  evolution  oi  hydrogen  sulphide  as  was  obtained  with  hydrogen 
(unpublished  work  of  A.  T.  McPbersonJ. 


absorption  of  the  hydrogen 
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of  rubber  were  set  up  at  room  temperature  outside  the  oil  bath. 
While  the  bath  was  being  heated  to  the  temperature  desired,  the  ap- 
paratus was  swept  with  hydrogen  to  displace  air.  The  tubes  for 
absorption  of  moisture  and  of  hydrogen  sulphide,  when  potassium 
hydroxide  was  used,  were  removed,  weighed,  and  then  replaced. 
The  tubes  containing  the  rubber  samples  were  next  immersed  in  the 
hot  oil,  and  the  hydrogen  stream  was  adjusted  to  about  one  bubble 
per  second.  The  hydrogen  sulphide  was  measured  at  intervals  by 
weighing  the  U-tube  absorbers  directly  or  by  determining  the  amount 
of  lead  sulphide  formed.  The  amount  of  moisture  and  volatile  oils 
was  determined  only  at  the  end  of  the  experiment.  This  served  to 
account  for  the  entire  loss  in  weight  of  the  samples.  The  loss  of 
hydrogen  sulphide  was  determined  for  four  rubber  compounds  con- 
taining 4,  10,  18,  and  32  per  cent  sulphur  when  samples  were  heated 
for  about  200  hours  at  136°  C,  and  also  when  other  samples  were 
heated  at  220°  C.  for  the  same  length  of  time.  The  temperature  of 
the  oil  bath  was  held  within  ±  1°  at  the  former  temperature  and  ±  3° 
at  the  latter. 

IV.  RESULTS  OF  DECOMPOSITION  DURING  STEP-BY-STEP 

HEATING 

The  evolution  of  hydrogen  sulphide  from  vulcanized  rubber  con- 
taining 8  to  32  per  cent  sulphur  when  heated  in  the  8-hour  stepwise 
manner  increases  with  rising  temperature,  with  the  exception  that  the 
loss  from  the  compounds  containing  the  higher  percentages  of  sulphur 
passes  through  a  maximum.  In  view  of  the  large  change  in  sulphur 
content  during  heating,  this  is  not  surprising.  The  amount  of 
hydrogen  sulphide  evolved  in  an  8-hour  interval  at  each  temperature 
is  shown  in  Figure  2. 

The  change  in  sulphur  content  calculated  from  the  loss  of  sulphur 
as  hydrogen  sulphide  between  105°  and  each  higher  temperature  is 
given  in  Figure  3.  These  values  for  the  sulphur  content  are  not 
identical  with  those  which  would  be  determined  by  analysis  of  a 
sample  of  rubber  taken  at  each  temperature,  because  there  was  some 
loss  in  weight  of  the  sample  due  to  distillation  of  volatile  liquids. 
However,  the  error  is  not  great.  This  is  indicated  by  the  agreement 
between  the  final  sulphur  content  calculated  from  the  data  of  the 
present  experiments  and  that  obtained  by  analysis  of  samples  used 
in  the  electrical  measurements  mentioned  previously.  This  com- 
parison, printed  in  Table  1,  shows  that  the  heating  in  the  present 
investigation  had  satisfactorily  paralleled  the  conditions  dunng  the 
electrical  test  and  that  the  procedure  and  calculations  were  adequate 
to  furnish  the  information  desired. 

V.  RESULTS  OF  DECOMPOSITION  AT  CONSTANT  TEMPER- 

ATURE 

In  addition  to  determination  of  hydrogen  sulphide,  measurements 
were  made  of  the  amounts  of  other  decomposition  products  and  mois- 
ture which  resulted  from  heating  vulcanized  rubber  containing  4,  10, 
18,  and  32  per  cent  sulphur  at  136°  and  220°  C.  for  200  hours. 
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The  results  show  the  effects  of  time,  temperature,  and  composition 
of  samples  on  the  rate  of  evolution  of  hydrogen  sulphide. 


/oat.  /20'  WO    /60    &o    ZOO   ZZO  Z<K>   Z60  ZSO'C 

Figure  2. — Evolution  of  hydrogen  sulphide  from  vulcanized  rubber 

step-bystep  heating 

Oram*  of  hydrogen  sulphide  liberated  from  100  g  vulcanized  rubber  heated  for  eight  hours  at 
each  temperature  indicated.  Every  sample  was  started  ut  105°  and  the 


through  to  265°. 


sample  was  carried 


(a) 


For  a  given  composition  at  each  temperature,  the  rate  of  loss  of 
hydrogen  sulphide,  high  at  first,  decreases  rapidly  during  the  first  few 
days'  heating,  but  subsequently  the  decrease  becomes  slow. 

(b)  EFFECT  OF  TEMPERATURE 

For  a  given  composition  and  period  of  time,  the  rate  increases  with 
rising  temperature. 
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/OOt.  /ZO    MO     /60    /GO    ZOO   ZZO  Z40    Z60  Z00Z. 

Fiqurx  3. — Change  in  sulphur  content  of  vulcanized  rubber  during  step-by- 

step  heating 


Samples  were  heated  for  8  hours  at  each 
Every  sample  was  started  at  106°  and  the  san; 


Indicated  by  the  various 
curried  through  to  26b". 


Table  1. — Analysis  of  electrical  test  specimens  for  sulphur  compared  with  sulphur 
content  calculated  from  the  present  experiments 


Original 
sulphur 

Sulphur 
after  heat- 
ins  cal- 
culated 
from  pres- 
ent meas- 
urements 

Total  sul- 
phur in 
specimens 
after  hijrh 
tempera- 
ture elec- 
trical test 

Pa  cent 

Per  cent 

Percent 

32 

21.8 

22.0 

20 

20.0 

21.5 

20 

204 

205 

23 

10.3 

10.0 

20 

18.3 

18.1 

18 

17.0 

10.8 

16 

15.4 

15.2 

14 

13.4 

114 

12 

11.4 

11.  1 

10 

0.6 

0.5 

8 

7.7 

7.8 
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For  a  given  temperature  at  equal  times,  the  rate  increases  as  the 
sulphur  content  of  the  rubber  becomes  greater,  with  one  exception, 
namely,  that  there  is  a  noticeable  similarity  between  the  10  and  18 
per  cent  compounds  in  loss  of  hydrogen  sulphide  at  136°.  This  obser- 
vation was  satisfactorily  repeated. 

The  rate  of  evolution  of  hydrogen  sulphide  from  the  samples  investi- 
gated is  shown  in  Figure  4.    These  curves  are  started  at  the  point  of 


SO    /oo    /to  HO 


ZOO  220 


Figure  4. — Rate  of  evolution  of  hydrogen  sulphide  from  vulcanized  rubber 
healed  at  136°  and  220°  C,  plotted  on  a  semilogarithmic  scale 

maximum  evolution,  an  initial  increase  in  rate  being  disregarded  be- 
cause it  must  bo  due  only  to  the  heating  up  of  the  sample  and  the 
approach  to  a  quasi-steady  state  throughout  the  apparatus.  The 
percentage  of  the  original  weight  lost  as  hj'drogen  sulphide  plotted 
against  the  time  is  given  in  Figure  5. 

2.  OTHER  DECOMPOSITION  PRODUCTS  AND  MOISTURE 

Along  with  the  hydrogen  sulphide,  volatile  oils  having  slight  ter- 
penelike  odors  were  formed.  At  220°,  these  oils  made  up  10  to  40 
per  cent  of  the  total  loss  in  weight  of  the  samples  during  200  hours' 
heating.  There  was  also  a  trace  of  some  compound  having  a  faint 
onionlike  odor  whicb  was  never  condensed  or  absorbed  by  potassium 
hydroxide  or  lead  acetate.    No  attempt  was  made  to  identify  this 
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or  any  of  the  other  organic  products.  Some  moisture4  was  evolved 
from  the  rubber  and  was  measured  at  the  end  of  each  group  of  experi- 
ments in  order  to  be  able  to  account  for  the  entire  loss  in  weight  of 
the  samples.  The  percentage  of  the  original  weight  obtained  in  the 
products  from  a  typical  experiment  with  a  32  per  cent  compound 
at  136°  is  given  in  Table  2,  which  shows  that  the  total  loss  was  satis- 
factorily accounted  for. 

VI.  CHARACTERISTICS  OF  THE  RUBBER  AFTER  HEATING 

The  specimens  all  changed  materially  in  physical  properties  during 
the  exposure  to  heat.    Compounds  which  had  initially  contained  up 


a  ooo/ 
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Figure  5. — Percentage  loss  of  hydrogen  sulphide  al  136°  and  220°  C, 

plotted  on  a  semilogarithmic  scale 

to  26  per  cent  sulphur  became  translucent  and  showed  a  reddish  color 
when  samples  1  mm  in  thickness  were  examined  in  sunlight,  whereas 
all  above  12  per  cent  of  sulphur  were  originally  opaque.  At  the  end 
of  the  heating,  the  intermediate  and  hard  rubbers  were  brittle  at  room 
temperature,  but  became  flexible  and  tacky  when  warmed.  A  similar 
change  in  properties,  less  in  degree,  was  evident  in  the  samples  of  soft 
rubber.  The  conversion  of  vulcanized  rubber  into  thermoplastic 
materials  has  been  noted  by  Kemp,6  who  heated  rubber  mixed  with 

4  Tbe  moisture  may  have  been  an  impurity  or  may  have  come  from  the  thermal  decomposition  of  a  small 
amount  of  oxidized  material  In  the  rubber.  For  a  discussion  of  the  products  formed  by  oxidation  of  rubber, 
see  Oxidation  Studies  of  Rubber.  Gutta-Percba.  and  Balata  Hydrocarbons  by  A.  R.  Kemp,  W.  S.  Bishop, 
and  P.  A.  Laaselle,  Ind.  Eng.  Chem.,  vol.  23,  p.  1444,  1031. 

1  A.  R.  Kemp,  V.  3.  Patent  1638535,  Aug.  0,  1927.  For  a  general  review  of  tbe  Meld  of  thermoplastic 
products  made  from  rubber,  including  patent  references,  the  reader  is  directed  to  tbe  Chemistry  of  Rubber, 
by  Harry  L.  Fisher,  Chem.  Rev.,  vol.  7,  No.  1,  pp.  94, 112-123,  March,  1930. 
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8  to  16  per  cent  sulphur  to  200°  to  280°  C,  and  the  manufacture  of 
such  products  from  raw  rubber  is  now  a  commercial  process. 

Table  2. — Percentage  of  original  sample  accounted  for  after  a  SB  per  cent  compound 

was  heated  BOO  hours  at  186°  C. 

Per  cent 


Residual  rubber   95.  55 

Oils  01 

Sulphur  02 

Moisture   .18 

Hydrogen  sulphide   2.  17 

Total  _   99.93 


VII.  DISCUSSION 

The  course  followed  by  the  loss  of  hydrogen  sulphide  when  vul- 
canized rubber  is  heated  is  well  established  and  agrees  with  the  results 


Figure  6. — Comparison  between  present  data  and  those  of  Webster  and 

Porritt.    (See  footnote  1,  p.  164.) 

Loss  of  hydrogen  sulphide  from  hard  rubber  at  200°,  2-^0°,  and  210°  C. 


of  previous  investigations  so  far  as  can  be  told  from  consideration  of 
the  data  taken  under  different  conditions.  The  curve  for  evolution 
of  hydrogen  sulphide  from  the  32  per  cent  compound  at  220°  lies 
between  similar  curves  published  by  Webster  and  Porritt 6  for 
ebonite  heated  at  200°  and  250°  C.  This  comparison  is  shown  in 
Figure  6. 

Calculation  of  the  ratio  of  sulphur  lost  at  the  end  of  190  hours  to 
the  initial  sulphur  content  shows  that  the  percentage  of  the  original 
sulphur  lost  at  136°  is  greater  for  the  compound  containing  10  per 
cent  sulphur  than  for  that  containing  18  per  cent,  and  at  220°  is 
greater  for  the  compound  containing  4  per  cent  sulphur  than  for  that 
having  10  per  cent.  On  the  other  hand,  the  weight  of  sulphur 
actually  lost  per  gram  of  rubber  compound  was  nearly  equal  for  the 

•See  footnote  1,  p.  164. 
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10  and  18  per  cent  compounds  at  136°,  and  was  less  for  the  4  per  cent 
sample  than  for  that  containing  10  per  cent  sulphur  at  220°.  These 
calculations  are  given  in  Table  3  and  the  proportionate  loss  of  sulphur 
is  plotted  in  Figure  7.  The  similarity  in  rate  and  in  total  percentage 
of  loss  at  136°  for  the  samples  containing  10  and  18  per  cent  sulphur 
led  to  a  repetition  of  this  experiment  over  the  first  80  hours  using 
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Fioubb  7. — Percentage  of  original  sulphur  lost  in  190  hours  at  186°  and 
220°  C,  plotted  on  a  semilogarithmic  scale  as  a  function  of  initial  sulphur 
content 

other  specimens  containing  the  same  percentages  of  sulphur.  This 
determination  checked  the  original  observations  satisfactorily. 
Also,  an  inspection  of  the  data  from  the  earlier  experiments  showed  a 
distinct  similarity  in  rate  of  evolution  from  compounds  containing  10 
to  18  per  cent  sulphur  at  the  lower  end  of  the  temperature  range. 
These  observations  can  be  interpreted  as  indicating  that  there  may 
be  a  range  of  compositions,  varying  with  the  temperature,  where 
rates  of  decomposition  are  similar,  and  where  the  proportionate  loss  of 
sulphur  may  grow  less  while  the  original  sulphur  content  of  the 
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specimens  increases.  There  may  be  a  fairly  sharp  break  at  the  end  of 
this  range,  above  which  the  loss  of  hydrogen  sulphide  may  become 
much  more  rapid  and  follow  the  course  expected  for  the  order  of 
ascending  sulphur  content.  The  data  of  the  present  experiments  do 
not  show  whether  the  cases  at  hand  are  part  of  a  general  phenomenon 
or  only  isolated  instances. 

Table  3. — Comparison  between  loss  of  hydrogen  sulphide  and  proportionate  loss 

of  sulphur 


HtS  lost  at  end  of  190 

Sulphur  lost  in  190 

hours  &s  per  cent  of 

hours  as  per  cent  of 

Original 
sulphur 

original  compound 

original  sulphur 

« 

136* 

220' 

136° 

220» 

Per  cent 

4 

0.004 

0.23 

o.ow 

5.20 

10 

.0-29 

.51 

.26 

4.58 

18 

.033 

1.56 

.  17 

8. 15 

82 

1.96 

13.02 

5.77 

4a  08 

The  chemical  nature  of  the  changes  in  the  rubber  molecule  during 
thermal  decomposition  has  not  been  thoroughly  explained,  although 
change  in  unsaturation  as  a  result  of  loss  of  hydrogen  sulphide  and 
the  effect  of  heat  on  vulcanized  rubber  has  been  commented  upon  by 
Winkelmann,7  and  by  the  other  investigators  previously  mentioned.8 
A  few  determinations  of  unsaturation  made  on  the  rubber  after 
heating  in  the  present  experiments  have  not  given  any  additional 
insight  into  the  mechanism  of  the  chemical  changes  involved.  This 
phase  of  the  problem  may  be  investigated  further  at  some  future  time. 

Since  this  manuscript  was  prepared,  a  paper  on  the  pyrolysis  prod- 
ucts of  ebonite  bv  Midgley,  Henne,  and  Shepard  has  been  published.9 

The  author  wishes  to  express  his  thanks  to  A.  H.  Scott  for  assist- 
ance with  some  of  the  measurements  reported  in  this  paper. 

Washington,  June  1,  1932. 

» H.  A.  Winkelmann,  Ind.  Eng.  Cbem.,  vol.  18,  p.  1163,  1026. 

•  See  footnote  1,  p.  164,  and  footnote  5,  p.  171. 

•  T.  Midgley,  Jr.,  A.  L.  Henne,  and  A.  F.  Shepard,  J.  Am.  Chem.  8oc.,  vol.  54,  p.  2953,  1932. 
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SOME  OF  THE  FACTORS  WHICH  AFFECT  THE  MEASURE- 
MENT OF  SOUND  ABSORPTION 

By  V.  L.  Chrisler  and  Catherine  E.  Miller 


ABSTRACT 

It  has  been  found  that  air  has  an  appreciable  absorption  for  sound  at  fre- 
quencies as  low  as  512  cycles  per  second.  This  absorption  varies  with  the  tem- 
perature, the  moisture  content,  and  the  barometric  pressure.  Curves  are  given 
showing  such  changes  in  absorption  in  the  reverberation  room  at  the  Bureau 
of  Standards. 

Attention  is  called  to  the  fact  that  when  a  highly  absorbent  sample  is  placed 
in  a  very  reverberant  room  the  decay  curve  may  not  be  logarithmic. 


Measurements  of  sound  absorption  on  the  same  samples  made  by 
different  observers  in  different  reverberation  rooms  have  in  the  past 
shown  variations  difficult  to  explain.  Some  of  the  factors  responsible 
for  these  variations  are  now  beginning  to  be  recognized  and  under- 
stood. Humidity,  temperature,  and  even  barometric  pressure  have 
been  found  to  cause  quite  perceptible  changes  in  sound  absorption 
measurements.  P.  E.  Sabine  1  first  called  attention  to  the  fact  that 
decreased  humidity  materially  increased  the  absorption  of  an  empty 
reverberation  room  for  frequencies  above  2,000  cycles.  Later 
Knudsen  2  described  some  pioneer  work  on  this  effect  and  determined 
coefficients  for  the  sound  absorption  of  air  containing  varying  amounts 
of  water  vapor.  Additional  experimental  work  shows  that  not  only 
humidity,  but  also  temperature  and  pressure  cause  changes  in  the 
sound  absorption  of  air. 

For  the  most  part  the  effect  of  these  factors  (in  rooms  of  10,000 
to  20,000  cubic  feet)  is  perceptible  only  at  the  higher  frequencies  of 
1,000  cycles  or  more,  but  under  favorable  conditions  this  effect  can 
be  measured  at  512  cycles.  In  large  rooms  of  1,000,000  cubic  feet 
or  more  this  effect  should  be  noticeable  at  all  frequencies. 

These  hitherto  unexplained  changes  were  noticed  by  us  over  two 
years  ago  and  records  of  temperature,  humidity,  and  pressure  have 
been  kept  for  the  last  year  in  the  hope  that  a  correlation  would 
become  evident.  Knudsen's  paper  gave  the  first  suggestion  as  to 
how  the  data  might  be  interpreted.  He  determined  the  reverberation 
time  of  two  rooms  which  had  the  same  lining  material  but  different 
volumes.  The  temperature  in  these  two  rooms  was  maintained 
approximately  constant,  but  the  relative  humidity  varied. 

«  P.  K.  Sabine,   The  Measurement  of  Souad  Absorption  Coefficients,  J.  Franklin  Inst.,  vol.  207,  p.  847. 
•  V.  0.  Knudsen,  The  Effect  of  Humidity  upon  the  Absorption  of  Sound  in  a  Room,  and  a  Determina- 
tion of  the  Coefficients  of  Absorption  of  8ound  in  Air,  J.  Acoustical  Soc.  Am.,  July,  1931. 
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As  a  result  of  his  investigation,  Knudsen  proposed  that  the  cus- 
tomary formula  for  the  reverberation  time  be  written  with  a  correc- 
tive term  depending  upon  humidity,  as  follows: 

T  0.05F  

1    -Slog.  (l-a)  +  4roV  U; 

where 

jT=  reverberation  time, 

V=  volume  of  room  in  cubic  feet, 

S = surface  in  square  feet, 

a  =  average  coefficient  of  sound  absorption,  and 

m  is  an  attenuation  constant,  measuring  the  decay  of  the  sound 
intensity  with  the  distance  traveled.  The  observed  values  of 
T,  S,  and  V  were  substituted  in  equation  (1)  thus  obtaining 
two  equations  from  which  a  and  m  were  calculated. 

In  this  way  Knudsen  determined  m  for  different  relative  humidities 
and  at  four  different  frequencies  for  temperatures  between  21°  and 
22°  C.  It  was  found  that  a  was  a  constant  within  the  limits  of 
experimental  error,  but  that  m  varied  with  the  humidity. 

To  fit  Knudsen's  results  to  the  present  work,  the  assumption  was 
made  that  the  effect  of  water  vapor  on  sound  absorption  of  air 
depended  solely  upon  vapor  pressure  and  was  independent  of  tem- 
perature and  barometric  pressure.  On  this  basis  Knudsen's  curves 
for  m,  given  in  terms  of  relative  humidity,  were  replotted  in  terms  of 
vapor  pressure  and  the  corresponding  values  of  4m  V  subtracted  from 
the  measured  total  absorption  of  our  reverberation  room.  The  resid- 
ual absorption  was  then  plotted  against  temperature.  The  scatter 
of  these  points  suggested  that  Knudsen's  values  of  m  did  not  ade- 
quately represent  the  effect  of  water  vapor  in  our  experiments.  In 
addition,  Knudsen's  figures  did  not  cover  the  full  range  of  our  vapor 
pressures.  His  curves  were,  therefore,  modified  by  successive  trial 
and  error  until  the  curves  for  residual  absorption  showed  a  minimum 
scatter  of  points  from  a  smooth  curve,  the  average  variation  being 
less  than  1  per  cent  of  the  initial  measured  absorption  and  the  maxi- 
mum variation  being  only  a  little  over  2  per  cent. 

The  resulting  empirical  curves  for  m  at  2,048  and  4,096  cycles  are 
shown  in  Figure  1  and  the  residual  absorption-temperature  curves  in 
Figures  2  and  3. 

The  question  of  sound  absorption  of  air  has  been  considered  theoreti- 
cally by  Rayleigh 3  and  others,  and  the  conclusion  was  reached  that 
the  sound  absorption  should  be  proportional  to  the  square  of  the  fre- 
quency. This  relation  appears  to  hold  good  in  the  empirical  curves 
for  m  shown  in  Fieure  1,  as  the  value  for  m  at  4,096  cycles  is  four  times 
that  at  2,048  cycles.  An  exception  to  this  is  found  when  the  vapor 
pressure  is  about  0.15  inch  of  mercury  or  less.  Here  the  ratio  seems 
to  bo  about  3.9. 

In  drawing  the  curves  in  Figures  2  and  3  the  term  4m  V  was  cal- 
culated from  the  curves  in  Figure  1  and  subtracted  from  the  measured 
total  absorption.  The  remainder  has  hitherto  been  assumed  to 
depend  only  on  the  absorption  of  the  surface  of  the  room,  as  indicated 
by  its  form  —S  log  (1  —  a).    But  after  correction  has  thus  been  made 

»  Bayleifh,  Theory  of  Sound,  vol.  2.  pp.  316-318. 
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Figure  1. — Values  of m  for  air  for  different  vapor  pressures,  at  frequencies  of 

8,048  and  4,096  cycles 
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for  water  vapor,  the  absorption  shows  a  very  large  variation  with 
temperature,  much  more  tnan  can  reasonably  be  ascribed  to  any 
change  in  absorption  of  the  wall  surfaces.  It  appears,  then,  that  an 
additional  correction  must  be  made  for  the  absorption  of  air  as  a 
function  of  temperature  if  a  constant  absorption  coefficient  for  the 
walls  of  the  room  is  assumed.  That  this  surface  absorption  is  practi- 
cally independent  of  temperature  is  indicated  by  all  measurements  on 
absorbing  materials. 

On  examining  these  curves,  drawn  so  as  to  represent  as  fairly  as 
possible  the  mean  of  the  experimental  observations,  it  was  noticed 
that,  in  general,  those  points  which  departed  from  the  curve  on  one 
side  corresponded  to  higher  barometric  pressures  than  those  on  the 
other  side  of  the  curve.  No  theoretical  explanation  has  been  found  for 
this  fact,  but  it  is  possible  to  deduce  from  these  deviations  an  empirical 
correction.  For  instanco,  at  4,096  cycles  it  was  found  that  a  decrease 
of  0.1  inch  in  barometric  pressure  has  an  effect  on  the  sound  absorption 
equivalent  to  that  of  an  increase  in  temperature  of  0.8°  F.  Replotting 
the  curve  with  this  empirical  correction  the  experimental  points  fit 
much  more  closely  to  a  smooth  curve.    (Fig.  4.) 

At  2,048  cycles  it  is  found  that  the  same  change  in  barometric  pres- 
sure is  equivalent  to  a  change  in  temperature  only  one-fourth  that 
with  4,096  cycles.  For  lower  frequencies  this  correction  becomes 
practically  unimportant. 


Table  1. — Corrections  for  looter  vapor  at  2,0^8  cycles 


Total 
absorp- 
tion 

Vapor 
pressure 

mX10» 

Correc- 
tion for 
water 
▼apor 

Total  ab- 
sorption 
minus 

Temper- 
ature 

JnchetJIg 

°  F 

102.1 

0.54 

365 

21.7 

80.4 

75 

101.7 

.60 

303 

18.0 

83.7 

77 

108.6 

.68 

307 

18.2 

00.4 

78 

105.2 

.62 

331 

10.6 

85.6 

77 

107.6 

.67 

312 

18.5 

89. 1 

70 

113.4 

.68 

307 

18  2 

05.2 

81 

107.6 

.72 

205 

17.5 

yn,  o 

82 

101.8 

.62 

331 

10.6 

82.2 

77 

05.0 

.52 

376 

22  2 

72-8 

68 

00.4 

.47 

400 

23.7 

75.7 

70 

100.2 

.46 

403 

23.0 

76.3 

71 

104.4 

.71 

295 

17.5 

86.0 

70 

105.0 

.65 

320 

10.0 

80.0 

78 

104.7 

.66 

315 

18.7 

86.0 

77 

102,4 

.65 

320 

10.0 

83.4 

78 

96.3 

.52 

375 

22.2 

74.1 

68 

102.0 

.62 

331 

10.6 

82.4 

74 

07.0 

.66 

350 

21.1 

76.8 

70 

oa.7 

.44 

415 

24.6 

74.1 

68 

101.3 

.46 

403 

23.0 

77.4 

65 

07.1 

.36 

467 

27.7 

60.4 

59 

06.6 

.40 

440 

26. 1 

7tt  5 

63 

07.5 

.32 

504 

20.0 

68.6 

56 

06.2 

.30 

447 

26.6 

60.6 

50 

04.4 

.314 

510 

30.6 

63.  S 

52 

04.0 

.208 

540 

31 1 

61.0 

50 

04.0 

.278 

552 

32.8 

62.1 

60 

08.3 

.251 

503 

35.3 

63.0 

49 

102.6 

.200 

090 

41.0 

61.6 

43 

102.0 

.228 

630 

37.4 

65.6 

44.5 

103.2 

.213 

660 

30.2 

64.0 

45 

06.  G 

.273 

560 

33.3 

63.3 

50.6 

102.2 

.223 

640 

38.0 

64.2 

46 

108.3 

.173 

705 

41.0 

62.2 

44 

102.5 

.204 

680 

40.4 

62.1 

42 

120.5 

.134 

1,160 

68.0 

60.6 

30 

113.6 

.153 

905 

53.8 

59.8 

36.3 

114.6 

.150 

880 

62.3 

62.3 

37.5 
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Table  2. — Correction*  for  water  vapor  at  4,096  cycle* 


Total 
absorp- 
tion 

Vapor 
pressure 



wx  io» 

Correc- 
tion for 

nrafju* 

tt  a  r\r\r 
V  o\njf 

Total  ab- 
sorption 

m  I  n  tw 

iiiiii  kaj 

KX'i  roc  tiuu 

-  .  _ — 

W  UjOI  V  1X1 

tempera- 
ture 

r\TT£W  f  . 
V    %Jl  I  C?V  k  " 

ad  tain- 
perature 

Inches  Hg 

*  F. 

•  F. 

163 

0.69 

121 

72 

91 

77 

78.3 

173 

.  68 

122 

73 

100 

78 

81 

•  m*\ 

173 

.  G2 

132 

78 

95 

77 

77. 5 

173 

.  67 

124 

74 

AM 

99 

79 

79. 6 

179 

.  69 

121 

72 

107 

81 

80.7 

167 

.71 

118 

70 

97 

82 

79.8 

1/0 

.  62 

132 

92 

mm 

77 

78.4 

.  52 

150 

&y 

70 

68 

68.7 

176 

.  47 

161 

90 

80 

70 

70.  8 

180 

.  46 

162 

9(1 

84 

71 

71.8 

168 

.71 

118 

70 

98 

79 

79 

167 

.65 

127 

76 

92 

78 

78.9 

16o 

.66 

125 

74 

91 

77 

16S 

.  65 

12/ 

75 

93 

78 

165 

.52 

150 

&y 

76 

68 

67. 

162 

.62 

132 

78 

84 

74 

711 

168 

.56 

143 

85 

83 

70 

68.  4 

172 

.45 

165 

98 

74 

68 

65, 4 

174 

.46 

162 

96 

78 

65 

66.  4 

182 

.36 

186 

111 

71 

59 

67.7 

179 

.  40 

176 

106 

74 

63 

63 

189 

.  SI 

200 

119 

70 

56 

56.  2 

ISO 

.  39 

178 

11X5 

74 

69 

58.7 

185 

.314 

202 

120 

65 

62 

50.4 

172 

.387 

179 

106 

66 

56.8 

63.3 

195 

.  289 

216 

128 

67 

50 

49. 1 

201 

.278 

222 

132 

69 

60 

47.9 

205 

.  251 

142 

63 

48. 1 

228 

.200 

281 

167 

61 

43 

38.7 

221 

.228 

256 

152 

69 

44.6 

48. 1 

225 

.213 

209 

160 

65 

45 

46.6 

200 

.273 

226 

134 

66 

505 

53 

222 

.223 

260 

155 

67 

46 

48.4 

227 

.204 

273 

166 

62 

42 

40.9 

313 

.134 

424 

250 

63 

39 

260 

.169 

346 

200 

63 

37.5 

35.1 

The  original  measurements  at  2,048  and  4,096  cycles,  and  the 
corrections  made  for  the  moisture  content  of  the  air  are  shown  in 
Tables  1  and  2.  In  Table  2  the  corrected  temperature  in  the  last 
column  is  obtained  from  the  observed  temperature  by  applying  the 
above-mentioned  change  of  temperature  empirically  equivalent  to 
the  variation  in  barometric  pressure.  This  correction  at  2,048  cycles 
is  quite  small  and  has  been  neglected  in  Table  1. 

Figure  5  shows  the  relation  between  m  and  vapor  pressure  for  1,024 
and  512  cycles  and  Figures  6  and  7  show  the  corresponding  absorption- 
temperature  curves.  These  curves  were  calculated  from  the  curves 
for  2,048  and  4,096  cycles  by  Rayleigh's  law  and  fitted  the  data  so 
well  that  no  further  empirical  adjustment  was  made. 

One  of  the  most  striking  illustrations  of  the  use  of  these  curves 
occurred  on  a  day  of  cold,  windy  weather  in  Washington  in  March, 
1932.  It  has  been  our  custom  to  measure  the  absorption  of  the 
empty  room  either  immediately  before  or  immediately  after  the 
measurements  on  the  sample  of  the  material.  On  this  particular  day 
the  measurements  were  made  on  the  sample  first.  As  soon  as  the 
sample  was  removed  from  the  room,  measurements  were  made  of  the 
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absorption  of  the  empty  room  at  2,048  and  4,096  cycles.  Much  to 
our  surprise  it  was  found  that  at  4,096  cycles  the  empty  room  had 
more  absorption  than  when  it  contained  the  sample. 

By  referring  to  the  wet  and  dry  bulb  thermometer  measurements 
made  before  and  after  the  sample  was  removed  it  was  found  that 
there  had  been  a  considerable  change  in  the  humidity  and  a  very 
small  change  in  temperature,  caused  by  the  high  wind  changing  the 
air  in  the  room  while  the  door  was  opened  for  removing  the  sample. 
When  corrections  taken  from  the  curves  of  Figures  1,  2,  and  3  were 
made  for  the  changes  in  humidity  and  temperature,  the  sample  was 
found  to  have  a  reasonable  degree  of  absorption.  On  a  later  day 
when  conditions  (in  respect  to  humidity  and  temperature)  were 
approximately  the  same  mside  and  outside  the  reverberation  room, 
measurements  were  repeated  on  this  same  sample,  and  the  coefficients 

40 1  1  1  1  1  1  ,  r—  . 
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Floras  5. — Values  of  m  for  different  condition*  of  vapor  pressure,  for  fre- 
quencies of  61 2  and  1,024  cycles 


of  absorption  which  were  obtained  were  found  to  agree  almost 
exactly  with  those  previously  found. 

The  fact  that  air  may  have  considerable  absorption  for  sound  is 
of  interest  in  other  fields.  For  instance,  the  distance  that  sound 
signals  can  be  heard  is  of  vital  importance  to  shipping.  Until  quite 
recently  it  was  thought  that  wind  direction  and  velocity,  layers  of 
air  of  different  densities  which  might  cause  reflection  and  refraction, 
and  noise  due  to  a  storm  were  the  principal  factors  which  affected 
the  distance  at  which  a  sound  signal  could  be  heard.  More  recent 
work  shows  that  both  temperature  and  humidity  are  important 
factors.  Horner 4  gives  some  of  the  results  of  a  study  in  which  it 
was  found  that  the  distance  at  which  a  sound  signal  might  be  heard 
depends  upon  the  humidity  and  the  temperature  of  the  air.  He 
states  that  when  the  humidity  is  high,  distant  sounds  can  be  heard 
with  abnormal  loudness,  while  under  very  low  humidity  these  same 
sounds  may  become  completely  inaudible.  He  also  stated  "the 
worst  acoustical  conditions  were  almost  invariably  found  in  the  type 
of  weather  commonly  known  as  oppressive."  Here  the  temperatures 
were  high  and  evidently  the  increased  absorption  due  to  the  high 
temperature  was  the  predominating  factor. 


*  Homer,  ElTect  of  Meteorological  Condition  on  Soand  TrensmlMion  at  Sea.  Nautical  J.,  l»27. 
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Figure  6. — Change  of  absorption  of  air  with  change  of  temperature 

at  1,024  cycle* 
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Fioure  7. — Change  of  absorption  of  air  with  change  of  temperature 
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Recent  measurements  made  near  Boston  by  the  Lighthouse  Service 
also  show  some  interesting  facts.  A  comparison  was  being  made 
between  a  siren  and  an  electric  oscillator.  In  both  cases  the  funda- 
mental note  was  about  180  cycles  per  second.  A  considerable  per- 
centage of  the  energy  of  the  siren  was  in  overtones  while  the  electric 
oscillator  gave  practically  a  pure  note.  When  the  observer  was 
close  the  siren  sounded  the  louder,  but  at  a  distance  of  2  or  3  miles 
the  oscillator  was  the  louder,  showing  that  the  air  has  considerably 
less  absorption  for  low-pitched  notes. 

In  all  sound-absorption  measurements  the  assumption  has  hereto- 
fore been  made  that  the  decay  of  sound  energy  in  a  reverberation 


5  ~  ~  S~ 
time  in  seconds 


*mpty  room. 


Fiqurb  8. — Sound-decay  curves 


In 

room  is  logarithmic.  With  improved  methods  of  measurement  now 
available  it  is  possible  to  determine  the  form  of  the  decay  curve  with 
considerable  accuracy.  Figure  8  shows  the  decay  curve  at  1,024 
cycles  plotted  logarithmically,  for  an  empty  reverberation  room  and 
for  the  same  room  containing  a  highly  absorbent  sample  of  material. 
With  the  sample  in  the  room  it  will  be  noticed  that  the  rate  of  decay 
is  not  uniform. 

In  the  case  of  curve  2  of  Figure  8,  while  the  rate  of  decay  is  variable 
it  shows  no  sudden  change.  In  another  case,  illustrated  in  Figure  9, 
the  distribution  of  the  observed  points  is  fitted  more  closely  by  a 
broken  line  than  by  a  smooth  curve. 

Since  the  slope  of  the  decay  curve  is  dependent  in  part  upon  the 
absorption  of  the  sample,  it  might  be  supposed  from  the  form  of 
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curve  2  (fig.  8)  and  of  the  curve  in  Figure  9  that  the  coefficient  of 
absorption  of  the  sample  varied  with  the  intensity  of  the  sound; 
but  by  repeating  the  experiment  of  Figure  9,  starting  from  an  initial 
level  of  sound  intensity  some  20  or  30  db  lower,  it  is  found  that  the 
knee  is  not  fixed  in  position,  but  suffers  a  corresponding  shift  down- 
ward. We  must,  therefore,  conclude  that  the  change  in  slope  is 
not  due  to  change  in  coefficient  with  the  intensity  of  the  sound,  but  is 
rather  to  be  ascribed  to  nonuniform  distribution  of  the  sound  energy. 
Considerations  of  conditions  in  the  reverberation  room  indicate  that 


Figure  9. — Sound-decay  curve  tenth  a  sample  of  highly 
absorbent  material  in  the  reverberation  room 

this  is  the  probable  explanation.  In  the  empty  room  the  absorption 
coefficient  of  the  walls,  etc.,  is  only  about  1  per  cent,  and  is  approxi- 
mately uniform  over  the  whole  interior,  but  when  a  sample  of  highly 
absorbent  material  is  placed  in  the  room  the  rate  of  absorption  over 
the  surface  of  this  sample  mav  be  60  or  more  times  as  great  as  over  the 
wall  surfaces.  Moreover,  this  sample  is  usually  of  an  area  which  is 
not  negligible  as  compared  to  the  boundaries  of  the  room. 

The  source  of  sound  is  designed  so  as  to  give  as  nearly  as  possible  a 
a  uniform  imtial  distribution  of  sound  energy  in  the  room,  but  after 
the  source  has  been  stopped  the  extreme  heterogeneity  of  absorption 
present  makes  it  probable  that  the  distribution  of  sound  energy  does 
not  remain  uniform  as  it  decays. 
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The  question  then  arises  as  to  how  the  absorption  should  be  cal- 
culated, as  in  all  reverberation  methods  a  straight  line  decay  has 
been  assumed.  If  the  reason  advanced  above  for  the  change  of  slope 
is  correct,  the  slope  of  the  initial  portion  of  the  curve  would  give  the 
better  value  for  the  absorption.  With  a  curve  of  varying  slope  the 
ear  method,  necessarily  involving  the  whole  curve,  is  incapable  of 
giving  correct  results,  as  it  measures  only  the  average  slope  of  the 
whole  curve. 

SUMMARY 

The  total  absorption  of  a  room  appears  to  depend  upon  the  amount 
of  water  vapor  present  and  upon  the  temperature.  The  calibration 
of  the  room  is  therefore  not  definite  unless  these  factors  are  kept 
constant. 

The  coefficient  of  absorption  of  a  sample  of  material  will  depend 
upon  whether  the  initial,  average,  or  final  slope  of  the  decay  curve  is 
used  in  the  calculation.  The  ear  method  necessarily  employs  an 
average. 

It  may  now  be  recognized  that  the  determination  of  the  sound- 
absorption  coefficient  of  a  material  is  not  as  simple  a  matter  as  has 
been  hitherto  supposed,  but  appears  to  depend  upon  a  number  of 
factors  which  are  now  beginning  to  be  understood. 

Washington,  May  20, 1932. 
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THE  RECIPROCAL  SPHERICAL  ABERRATION  OF  AN 
OPTICAL  SYSTEM  INCLUDING  HIGHER  ORDERS 

By  Harold  F.  Bennett 


ABSTRACT 

The  aberration  present  when  an  axial  point  is  imaged  by  a  centered  system 
of  spherical  optical  surf  aces  may  be  expressed  by  any  one  of  a  number  of  power 
series.  In  this  paper  the  reciprocal  of  the  distance  between  the  intersection  of  a 
ray  with  the  axis  and  a  fixed  point  on  the  axis  is  expressed  as  a  series  in  h,  where  h 
is  the  perpendicular  distance  from  the  ray  to  the  fixed  point. 

Formulas  are  derived  by  which  the  constant  coefficients  of  the  series  expressing 
the  aberration  in  the  image  space  of  a  single  spherical  surface  may  be  computed 
if  the  corresponding  coefficients  for  the  object  space  are  known,  the  fixed  point 
of  reference  being  toe  center  of  curvature  of  the  surface.  These  formulas  can  not 
be  used  in  the  case  of  a  Diane  surface  since  there  is  no  center  of  curvature.  Ac- 
cordingly, after  developing  transfer  formulas  by  which  the  aberration  may  be 
referred  to  a  new  point  of  reference,  a  second  set  of  formulas  is  derived  in  which 
the  point  of  reference  is  taken  as  tile  vertex  of  the  surface.  A  final  set  of  formulas 
expresses  the  longitudinal  in  terms  of  the  leciprocal  aberration. 

As  a  numerical  example,  the  computation  of  the  aberration  of  the  third, 
fifth,  and  seventh  orders  of  an  ordinary  photographic  "landscape"  lens  is  given 
in  full.  Its  results  compare  favorably  with  those  of  a  trigonometric  tracing  of 
rays  in  which  seven  place  tables  were  used. 

In  conclusion  the  convergence  of  these  series  is  briefly  discussed  and  some  rela- 
tions to  diffraction  theory  are  pointed  out. 


CONTENTS 

Page 


I.  Introduction  _       188 

1.  Spherical  aberration   188 

2.  Series  expressions  of  longitudinal  spherical  aberration   189 

3.  Methods  of  evaluating  the  constants     190 

4.  Reciprocal  spherical  aberration   _   191 

6.  Historical  sketch  and  bibliography   191 

6.  Notation  and  sign  convention    192 

II.  The  reciprocal  aberration  of  a  single  spherical  surface  referred  to  the 

center  of  curvature  _     193 

1.  Preliminary  statement  of  problem   193 

2.  Derivation  of  the  formulas   195 

3.  Discussion     201 

fa)  Inherent  and  propagated  aberration    201 

(6)  Notes  on  numerical  applications   201 

(c)  Roots,  anomalous  points,  and  specific  examples   202 

III.  Transfer  formulas   205 

1.  Derivation   205 

2.  Notes  on  generality  _  —    208 

3.  Transfer  formulas  involving  powers  of  n   209 

IV.  The  reciprocal  aberration  of  a  single  surface  referred  to  the  vertex..  210 

1.  Derivation  of  the  formulas   210 

2.  Discussion   213 

V.  Inversion  to  longitudinal  spherical.   215 

187 


Digitized  by 


188               Bureau  of  Standards  Journal  of  Research  \vot.» 

Page 

VI.  Numerical  example      217 

1.  Details  of  construction  of  the  lens..  _    217 

2.  First  surface;  infinite  object  distance  _    217 

3.  Transfer  from  center  of  curvature  to  center  of  curvature;  first 

surface  to  second   218 

4.  Second  surface  and  transfer  to  third;  center  of  curvature  to 

vortex     218 

5.  Third  surface  and  inversion  to  longitudinal  aberration   220 

6.  Comparison  with  rav  tracing    221 

VII.  Discussion..      223 

1.  Convergence  of  aberration  series   223 

2.  Relation  to  path  difference  equations     225 

3.  Conclusion  _   225 


I.  INTRODUCTION 
1.  SPHERICAL  ABERRATION 

Kays  of  monochromatic  light  proceeding  from  a  luminous  point 
and  passing  through  a  lens  are  generally  focussed  not  in  a  single  image 


Figure  1 . — Spherical  aberration  of  a  single  lens  and  of  a  doublet 

The  paths  of  three  rays  when  the  concave  lens  is  not  present  are  shown  In  full  lines.  The  con- 
cave Ions  and  tbe  paths  of  tbe  rays  if  both  lenses  are  present  are  shown  In  dotted  lines.  All  part* 
of  this  figure  aro  drawn  in  proportion  to  values  obtained  by  an  actual  calculation.  (m,i-l.M; 
ni,««i.(B.) 


point,  but  at  varying  distances  from  the  lens  according  to  the  zone  of 
the  lens  traversed.  In  the  case  of  an  object  point  on  the  axis  of  a 
centered  system  of  spherical  surfaces  (the  plane  being;  considered  a 
sphere  of  infinite  radius)  this  defect  in  imagery  is  called  "spherical 
aberration."  Points  off  the  axis  are  affected  by  the  same  aberration, 
but  they  are  also  affected  by  other  aberrations,  the  presence  of  which 
makes  analysis  more  difficult.  The  term  "spherical  aberration"  is 
sometimes  used  more  broadly  to  include  these  extra-axial  aberrations 
and  sometimes  rather  loosely  in  referring  to  the  axial  aberration  where 
nonspherical  surfaces  are  involved.  In  the  present  paper  "spherical 
aberration"  in  the  stricter  sense  of  the  word  is  discussed  and  a  method 
is  given  for  computing  and  expressing  it  quantitatively. 

As  an  example  of  spherical  aberration  consider  the  portion  of  Figure 
1  drawn  in  full  lines.   Light  from  an  infinitely  distant  object  point  is 
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incident  upon  the  lens  MiNu  and  the  three  rays  shown  are  refracted 
at  the  two  surfaces  so  as  to  intersect  the  axis  at  S"2jl,  S'2b,  and  S'^, 
which  are  the  foci  for  these  respective  zones.  If  perpendiculars  to 
the  axis  are  drawn  at  these  points,  their  intersections  with  lines  par- 
allel to  the  axis  through  the  points  of  incidence  on  the  first  surface 
form  the  locus  of  the  curve  S'^P's  which  may  be  considered  as  repre- 
senting both  in  direction  and  magnitude  the  spherical  aberration  in 
the  image.  For  example,  the  distance  Q\P'i  is  the  measure  of  the 
longitudinal  spherical  aberration  of  the  ray  at  hx  =  30.  The  dotted 
lines  illustrate  the  method  of  correcting  the  spherical  aberration  by 
the  insertion  of  a  negative  component,  M3.  .N4,  of  suitable  design. 

2.  SERIES  EXPRESSIONS  OF  LONGITUDINAL  SPHERICAL  ABERRATION 

The  aberration  of  a  lens  may  be  expressed  quantitatively  by  giving 
the  location  of  one  or  more  points  on  the  curve  or  by  an  equation  for 
the  curve.  Such  an  equation  is  customarily  written  as  an  infinite 
series  in  which  the  terms  beyond  a  certain  order  are  neglected;  thus 
the  aberration  represented  by  the  curve  S\P\  (fig.  1 )  may  be  expressed 
as  follows: 

Long,  spheres'- s' =  A'V  +  B'hi  +  C'h?+  ...  (1) 

where  S'  —  s'  represents  the  abscissa  and  h  the  ordinate,  and  where 
s',  A',  B',  C'y  .  .  .  ,  are  constants.  The  odd  powers  of  h  are  absent 
because  of  axial  symmetry. 

The  number  of  terms  of  the  series  which  it  is  necessary  to  retain 
depends  upon  the  conditions  of  the  problem  in  hand.  The  straight 
line,  S'iQ'i,  given  by  the  equation  S'  ~  s'  is  a  first  approximation  which 
is  exact  only  for  infinitesimal  apertures.  A  value  of  the  constant  A' 
may  then  be  found  such  that  the  parabola  S'  -  s'  +  A'h2  gives  a  suffi- 
ciently close  approximation  to  the  curve  up  to  some  aperture  depending 
upon  the  accuracy  required.  Each  of  the  terms  of  higher  order  has 
the  property  of  remaining  quite  small  for  small  apertures  and  then 
beginning  to  increase  rapidly  at  some  finite  value  of  h.  Accordingly, 
if  the  accuracy  is  not  to  diminish  as  larger  and  larger  apertures  are 
considered,  the  fifth  order  1  term  and  then  the  seventh  order  1  term 
must  be  taken  into  account,  and  so  on. 

In  the  present  example  A'  is  negative  while  B'  and  C  are  positive, 
causing  the  upper  portion  of  the  curve  to  turn  in  the  positive  direction. 

The  same  aberration,  it  is  evident,  could  quite  as  legitimately  be 
represented  by  one  of  a  number  of  other  curves  and  its  corresponding 


1  The  longitudinal  spherical  aberration  which  varies  as  the  ith  power  of  the  aperture  (i-  %  4, 6  .  .  .)  corre- 
sponds to  an  angular  aberration  (see  equation  (3),  p.  104)  which  varies  as  the  (i-f-10th  power  of  the  aperture  and 
also  to  a  path  difference  which  varies  as  the  (l+2)tb  power  of  the  aperture.  The  corresponding  reciprocal 
spherical  aberration  (see  Sec.  I,  4)  varies  also  as  the  ith  power  of  the  aperture,  but  the  lateral  aberration 
varies  as  the  (i+l)th  power.  These  differences  of  order  of  the  expressions  which  refer  in  different  manners 
to  the  same  aberration  give  rise  to  a  difficulty  in  nomenclature.  To  avoid  this  the  use  of  the  terms  primary, 
secondary,  tertiary,  etc.,  has  been  proposed.  These  designations  not  only  become  somewhat  awkward  for 
the  higher-order  aberrations  treated  in  this  paper,  but  some  confusion  might  occur  because  primary  and 
secondary  already  have  special  meanings  in  connection  with  astigmatism  and  curvature  of  field. 

In  the  original  papers  of  L.  Seidel  the  aberrations  are  measured  by  their  lateral  value  so  that  the  terms  for 
spherical  aberration  assume  the  orders  3,  5,  7,  eto.  In  view  of  this  and  the  general  acceptance  of  Seidel's 
work  it  has  been  considered  as  desirable  to  designate  a  particular  term  of  spherical  aberration  by  the  order 
which  the  corresponding  lateral  geometric  aberration  assumes.  The  expression  "  the  third  order  longitudinal 
(or  reciprocal)  aberration"  may  then  be  Interpreted  as  referring  to  "the  longitudinal  (or  reciprocal) 
aberration  which  corresponds  to  the  third  order  lateral  aberration,"  and  similarly  for  the  terms  of  higher 
order. 

It  Is  to  be  noted  that  the  constant  coefficient  of  reciprocal  aberration  has  the  dimensions  Zr<-*>>  and 
thus  corresponds  exactly  to  the  above  designation  of  order  (i+1). 
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equation,  for  instance  by  a  curve  the  ordinates  of  which  are  equal  to 
the  heights  of  incidence  on  the  last  surface  instead  of  the  first.  For 
any  particular  ray  the  total  aberration  would  necessarily  be  the  same 
according  to  either  equation  but,  since  the  two  values  of  h  are  not 
directly  proportional,  different  portions  of  the  total  aberration  would 
be  attributed  to  the  different  orders.  It  can  be  shown  that  the  vari- 
ous orders  differ,  even  if  only  a  single  surface  is  considered,  according 
as  the  ordinate  is  defined  as  the  height  of  incidence  upon  the  surface, 
as  the  height  of  intersection  with  a  plane  tangent  at  the  vertex,  as  the 
distance  from  the  vertex  or  from  the  center  of  curvature  of  the  surface 
measured  along  a  perpendicular  to  the  ray,  as  the  arc,  tangent,  or 
sine  of  the  angle  01  inclination  of  the  ray  with  the  axis,  or  as  one  of  a 
number  of  other  functions  of  the  aperture.  Upon  investigation  it  is 
found  that  the  third  order  coefficient,  A',  is  identical  in  each  group  in 
which  (as  for  the  first  three  cases  mentioned)  the  ordinate  reduces  to 
the  same  infinitesimal  for  very  small  apertures.  For  large  apertures, 
however,  the  third  order  for  a  particular  ray  differs  in  the  several 
equations  insofar  as  k 2  is  slightly  different.  Thus  it  may  be  seen 
that,  if  the  expressions  "third  order,"  "fifth  order,"  etc.,  are  to  have 
exact  significance,  the  exact  definition  of  the  aperture  must  be  indi- 
cated. Moreover,  direct  comparisons  between  different  lenses  can  be 
made  only  when  the  aberrations  of  both  are  expressed  in  exactly  the 
same  manner. 

3.  METHODS  OF  EVALUATING  THE  CONSTANTS 

It  has  been  pointed  out  that  successively  closer  approximations  to 
the  aberration  curve  can  be  obtained  by  evaluating  additional  terms 
of  the  series  (equation  (1)).  The  usual  methods  of  evaluating  these 
coefficients  are  of  three  general  types.  First,  if  the  lens  has  actually 
been  constructed,  a  number  of  narrow  beams  of  light  may  be  singled 
out,  as  in  the  Hartmann  test,  by  a  diaphragm  with  several  small  holes, 
and  their  positions  after  traversing  the  lens  may  be  determined 

{)hotographically  or  otherwise.  Second,  from  the  specifications  of  the 
ens  system  the  theoretical  position  of  several  rays  mav  be  found  by 
trigonometric  ray  tracing.  In  either  case  an  empirical  curve  or 
equation  is  fitted  to  the  discrete  points  thus  obtained.  Third, 
trigonometric  relations,  such  as  those  used  in  ray  tracing,  are  expanded 
as  Taylor's  or  similar  series  in  ascending  powers  of  whatever  function 
of  the  aperture  is  chosen  as  the  parameter.  The  aberration  coeffi- 
cients are  thereby  expressed  as  functions  of  the  object  distance  and  of 
the  constants  of  the  lens  system.  The  present  investigation  is  of  this 
third  type,  which  is  usually  called  the  algebraic  or  analytical  method. 

Ray  tracing  gives  directly  the  total  longitudinal  aberration  of  one 
or  more  individual  rays  for  any  given  lens.  The  algebraic  method, 
however,  is  often  more  useful  to  the  lens  designer  in  that  it  reveals 
more  fully  the  portion  of  the  final  aberration  which  is  contributed  by 
each  surface  of  the  lens  and  suggests  in  what  manner  the  design  should 
be  altered.  Moreover,  very  often  when  the  design  is  altered  only  a 
small  part  of  the  computation  need  be  repeated.  The  algebraic 
method  has  been  considered  objectionable  because  the  third  order 
equations  are  not  sufficiently  exact  while  if  higher  order  terms  are 
included  the  computation  becomes  too  laborious.  It  is  believed, 
however,  that  frequently  the  additional  information  is  worth  the  labor 
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involved,  and,  accordingly,  formulas  are  given  for  enough  orders  so 
that  sufficient  accuracy  may  be  attained  in  practically  all  cases. 

4.  RECIPROCAL  SPHERICAL  ABERRATION 

The  frequent  occurrence  of  reciprocal  distances  in  optical  equations 
has  suggested  that  the  spherical  aberration  formulas  might  be  simp- 
lified in  form  if  the  aberration  instead  of  being  expressed  as  a  differ- 
ence between  the  focal  lengths  of  different  zones  were  expressed  as 
a  difference  between  the  powers  of  the  reciprocals  of  the  focal  lengths. 

An  idea  of  the  relation  of  the  reciprocal  aberration  to  the  longi- 
tudinal may  be  gained  as  follows:  Take  for  a  moment  the  back 
image  distance  V^'*"*'*  (fig.  1)  as  the  unit  of  length.  Plot  a  curve 
with  the  same  ordinates  as  S\P\,  but  with  abscissas  equal  to  the 
reciprocals  of  those  of  this  curve  when  measured  from  the  vertex,  V4, 
as  the  origin.  Where  the  abscissa  of  the.  old  curve  is  slightly  less  than 
one  that  of  the  new  is  slightly  more  than  one.  Thus  it  is  easily  seen 
that  the  new  curve  will  he  very  similar  to  S\P\  but  reversed  with 
with  respect  to  S\Q\.  Since  the  aberration  is  measured  by  the 
departure  from  the  vertical  straight  line,  the  reciprocal  aberration 
in  any  case  is  opposite  in  sign  to  the  longitudinal  aberration.  The 
statements  regarding  equations  expressing  aberration,  which  were 
made  in  the  two  preceding  sections  (2  and  3),  apply  directly  to  the 
new  curve  except  that  other  symbols,  to  be  introduced  later  (see 
equations  (2)  and  (2'))  should  replace  the  ones  in  equation  (1).  If 
a  different  unit  of  length  is  used  the  reciprocal  aberration  curve 
will  merely  be  changed  in  scale  in  the  horizontal  direction.  If, 
however,  a  different  origin  be  selected,  the  curve  will  also  be  changed 
in  shape. 

5.  HISTORICAL  SKETCH  AND  BIBLIOGRAPHY 

The  theory  of  third-order  aberrations  is  treated  in  the  majority  of 
books  on  geometrical  optics.  Among  these  Conrady  2  is  unexcelled 
from  a  practical  standpoint,  while  Von  Rohr3  gives  a  more  elegant 
mathematical  development  and  also  includes  an  extensive  bibli- 
ography. 

Fifth-order  terms  for  rays  in  the  axial  plane  were  published  by 
Keller 4  and  by  Bauer.8  Their  expressions  are  not  strictly  accurate, 
however,  in  that  h  is  not  exactly  defined.  Kerber8  derived  the 
fifth  order  reciprocal  aberration  of  a  single  surface  defining  h  as  the 
height  of  incidence.  Schupmann  7  used  a  fifth  order  term  which 
he  credited  to  Kerber.  Von  Rohr8  and  Konig  derived  the  fifth 
order  term  by  Abbe's  method  of  invariants  with  the  angle  of  inclina- 
tion of  the  ray  as  the  variable.  Risco  •  extended  these  equations  to 
apply  to  aspherical  surfaces.  Smart 10  published  terms  of  the  fifth 
order,  but  unfortunately  a  number  of  his  equations  appear  to  be  in 
error. 


r  » A.  E.  Conrady.  Applied  Optics  and  Optical  Design,  pt.  1,  518  pp.,  Oxford  Univ.  Press,  1*29. 

*  M.  Von  Rohr.  editor,  Die  Bllderzeugung  in  optiscliea  Instrumenten.  J.  Springer,  Berlin.  1904.  Alao 
translation  by  R.  Kantback.  His  Majesty's  Stationery  OlBoe,  London,  1020.   ,  L  ,„ 

*  Q.  A.  Keller.  Zur  Dloptrik,  Entwicklung  dor  Glreder  fdnfter  Ordnung.  24  pp.,  C.  R.  Schurich,  Munich, 
1*55. 

*  K.  L.  Bauer,  Carl's  Report orhun  f.  Phys.  Tech.,  vol.  1,  pp.  219-241,  188«. 

•  A.  Kerber,  Centr.  Z.  f.  Opt.  u.  Meeh.,  vol.  7.  pp.  217-218.  ISSfl. 

I  »  L.  Schupmann.  Die  .Medial- Fernrohre.   B.  G.  Teubner.  Leipzig.  18)9. 

•  M.  Von  Kohr,  pp.  238-244.   See  footnote  3. 

•  M.  Martinez  Risco,  Estudios  Generics  sobro  Aborr^clon  Ksferica  de  Ordeu  Superior,  Amies  Soc. 
Espanola  Fis.  y  Quim  vol.  25  pt.  1,  pp.  100-138.  1927. 

»  E.  II.  Smart,  Phil.  Mag.,  vol.  20,  pp.  82-91,  1B10. 
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Early  investigators,  notably  Petzval,  may  have  been  in  possession 
of  formulas  of  higher  orders  than  the  fifth,11  but  it  is  not  known  that 
any  of  these  have  been  published.  It  is  true,  however,  that  investi- 
gations of  aberrations  from  somewhat-  different  standpoints  have 
been  extended  to  fifth  and  higher  orders.  Most  of  these  are  based 
upon  the  eikonal  function,  which  depends  upon  the  variation  of  path 
length  through  the  lens. 

6.  NOTATION  AND  SIGN  CONVENTION 

A  thoroughly  consistent  and  complete  system  of  notation  for  optical 
equations  is,  unfortunately,  not  available.  In  the  present  paper  the 
aims  have  been  to  follow,  in  general,  one  of  the  systems  already  in 
use  and  to  use  as  small  a  number  of  symbols  as  is  compatible  with 
clarity  and  brevity  in  presentation.  In  particular  may  be  mentioned 
the  use  of  the  Greek  characters  0  and  f  with  superscripts  (/3(3),  /3(4), 
etc.)  as  constant  coefficients  of  the  various  orders  of  reciprocal  spher- 
ical aberration.    (See  equation  (2)  and  footnote  1,  p.  189.) 

The  original  direction  of  the  light  is  assumed  to  be  from  left  to 
right.  The  refracting  and  reflecting  surfaces  are  numbered  in  the 
order  in  which  they  are  encountered  by  the  light  and  are  indicated 
by  numerical  subscripts.  The  well-known  idea  of  regarding  reflec- 
tion as  a  special  case  of  refraction  in  which  the  index  ratio  is  —  1  has 
been  extended  to  include  absolute  indices  (and  indices  relative  to  air), 
the  index  of  any  medium  being  considered  as  negative  in  sign  if  the 
light  travels  through  it  in  a  negative  direction.12  Nevertheless,  any 
other  self-consistent  sign  convention  may  be  used  if  preferred. 

A  list  of  the  characters  with  their  meanings  is  given  herewith. 
Un primed  letters  denote  magnitudes  in  the  object  space,  primed 
letters  the  corresponding  magnitude  in  the  image  space.  If  the  two 
are  identical ,  as  in  the  case  of  r  or  <fr,  the  character  is  always  written 
unprimed.  In  the  following  summary  the  primed  character  is 
omitted  in  most  cases,  it  being  assumed  that  its  meaning  is  easily 
deduced  from  the  definition  of  the  corresponding  unprimed  character. 

ENGLISH  LETTERS 

A,  B,  C,  .  .  .  .  =the  third  order,  fifth  order,  seventh  order,  .....  coefficients 

of  longitudinal  spherical  aberration,  positive  if  the  aberra- 
tion tends  to  make  the  rim  ray  cross  the  axis  to  the  right 
of  the  paraxial  focus. 

c=a  subscript  meaning  "referred  to  the  center  of  curvature"  of 
the  appropriate  surface. 

d— the  distance  from  the  old  point  of  reference  to  the  new  one  to 
which  the  transfer  is  made,  positive  if  to  the  right. 

h=(in  Introduction)  linear  aperture,  subject  to  a  variety  of 
definitions. 

"  Sec.  for  Instance,  Trans.  Opt.  Soc.  London,  vol.  22,  p.  214;  1920-21.  Also  Bcrek,  Grundlagen  dor  prak- 
tlschen  Optik,  p.  43.   Walter  de  Oruyter  Co.,  Berlin,  1930. 

»  This  convention  Is  also  applicable  In  path  length  equations  as  may  be  seen  from  the  following  simple 
example.  Suppov  a  ray  from  some  point  A  Is  reflected  back  to  A  from  a  mirror  at  B.  The  first  distance, 
A  to  B  or  AS,  being  positive,  the  distance  B  to  A  or  BA,  after  reflection  must  be  negative.  Adding  the 
distances  together  would  give 


o  for  the  path  length.  However.  If  the  inde*  be  considered  negative 
after  an  odd  number  of  reflections  and.  as  it  universally  done,  the  distance  In  each  medium  be  multiplied 
by  the  index  of  refraction  to  get  the  equivalent  path  length  in  air  the  result  is: 

Equiv.  path  length -nAB+n'B A 

-nAB+(-»)(-AB) 


which  Is  obviously  correct. 
An  alternative  sign  convention  In  which  some  of  the  angles  are  considered  as  obtuse  after 
proposed  by  T.  Smith  in  Trana.  Opt.  Soc  London,  vol.  27,  pp.  312-310.  192*-2d. 
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A«=the  distance  from  the  point  of  reference  or  origin  of  coordi- 
nates to  a  ray,  measured  along  a  perpendicular  to  the  ray 
and  positive  if  upward. 
i,  j= generalized  integers. 

n=the  index  of  refraction  of  a  medium,  usually  taken  relative 
to  sir,  to  be  given  a  negative  sign  if  the  light  traverses  it 
from  right  to  left. 

r=the  radius  of  curvature  of  s  speherical  surface,  positive  if  the 
surface  is  concave  to  the  right. 

«=the  distance  from  the  vertex  of  a  surface  vo  the  paraxial  object 
point  for  that  surface,  p>sitive  if  to  the  right. 
r=the  distance  from  the  center  of  curvature  of  a  surface  to 
the  paraxial  object  point  for  that  surface,  positive  if  to  the 
right. 

S— the  distance  from  the  vertex  of  a  surface  to  the  intersection 
of  a  ray  in  the  object  pencil  with  the  axis;  reduces  to  s  as 
the  aperture  approaches  zero. 

T=5— r=the  distance  from  the  center  of  curvature  of  a  surface 
to  the  intersection  of  a  ray  in  the  object  pencil  with  the 
axis;  reduces  to  t  as  the  aperture  approaches  zero. 

o=a  subscript  meaning  "referred  to  the  vertex"  of  the  appro- 
priate surface. 

GREEK  LETTERS 

a=the  acute  angle  between  a  ray  and  the  axis,  positive  if  the  ray  lies  above 
the  axis  to  the  left  of  the  point  of  intersection. 
0(O=the  coefficient  of  reciprocal  spherical  aberration  of  the  tth  order,  in  the 
series  referred  to  the  center  of  curvature,  usually  of  the  sign  opposite 
that  of  the  corresponding  longitudinal  aberration  coefficient. 
f(0  =  the  coefficient  of  reciprocal  spherical  aberration  of  the  tth  order  in  the 
series  referred  to  the  vertex  of  the  lens  surface,  usually  of  the  sign 
opposite  that  of  the  corresponding  longitudinal  aberration  coefficient. 
9=!.he  reciprocal  of  T  (g.  v.). 
«J,  i?'=the  angle  of  incidence,  the  angle  of  emergence;  that  is,  the  acute  angle 
between  a  ray  and  the  normal  to  the  surface  at  the  point  of  incidence, 
positive  if  the  ray  lies  above  the  normal  to  the  right  of  the  surface. 
«=the  constant  of  transfer  to  a  new  point  of  reference. 
=  the  ratio  of  the  new  paraxial  reciprocal  object  (or  image)  distance  to  the 
old  paraxial  reciprocal  image  distance. 
«, «'    in  Part  IV  take  on  the  special  meaning  that  the  transfer  is  made  from  the 
vertex  to  the  center  of  curvature  of  a  single  surface,  *  applying  to  the 
object  pencil  and  «'  to  the  image  pencil. 
M= relative  index =n/n'. 
m'= relative  index=n'/n. 
p,  v,  r=  the  reciprocals  of  r,  «,  and  t. 
2= the  reciprocal  of  S. 

6= the  central  angle  or  the  angle  between  the  radius  drawn  to  the  point  of 
incidence  and  the  axis,  positive  if  the  radius  lies  above  the  axis  to  the 
left  of  the  center  of  curvature. 

*= reciprocal  object  distance  from  any  point  of  reference  on  the  axis. 

II.  THE  RECIPROCAL  ABERRATION  OF  A  SINGLE  SPHER- 
ICAL SURFACE  REFERRED  TO  THE  CENTER  OF  CURVA- 
TURE 

1.  PRELIMINARY  STATEMENT  OF  PROBLEM 

A  set  of  formulas  will  first  be  derived  which  express  the  reciprocal 
aberration  coefficients  of  the  refracted  or  image  pencil  of  any  spherical 
surface  when  the  corresponding  constants  of  the  incident  or  object 
pencil  for  that  surface  are  known,  the  point  of  reference  being  chosen 
at  the  center  of  curvature  of  the  surface. 

127984 — 32  6 
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In  Figure  2,  VS  represents  the  axis  of  symmetry  of  a  lens  system 
of  which  one  surface,  with  vertex  at  V  and  center  of  curvature  at  C, 
is  shown  in  cross  section.  In  a  symmetrical  pencil  of  rays  incident 
upon  this  surface,  consider  the  ray  QP,  incident  at  the  point  P.  Let 
this  ray  (extended  if  necessary)  intersect  the  axis  at  the  point  S,  re- 
moved from  the  center  of  curvature  by  a  distance  T,  positive  ii  to 
the  right.  Let  he  denote  the  perpendicular  distance  from  the  center 
of  curvature  to  the  ray;  positive  if  upward,  and  r  the  radius  of  curva- 
ture of  the  surface,  positive  if  the  surface  is  concave  toward  the  right. 

Let  /3CT),  /3('\  p^K  etc.,  be  constants,  such  that  if  h e  is  given,  T  is 
determined  to  as  close  an  approximation  as  may  be  desired  by  re- 
taining enough  terms  of  the  series : 

T-±+fi*>ht*+e™h*+fi*>hf+  ...  (1) 

Here  t  is  the  limiting  value  of  T  as  he  approaches  zero;  that  is,  the 
paraxial  value  of  T,  P^h?  is  the  third  order  term  of  reciprocal  aberra- 


Fiquri  2. — Refraction  of  a  ray  at  a  tingle  surface 


tion,  fili)he*  is  the  fifth  order,  etc.  For  convenience  in  writing  the 
equation,  let  ^-G  and  |-t,  then 

e  =  T  +  fi™h*+p™heA  +  0«W  +  0™h*+  ...  (2) 

The  angles  a,  d,  and  <f>  are  shown  in  Figure  2.  They  are  defined  by 
the  following  equations,  apparent  from  the  geometry  of  the  figure 

sin«-^-eA. 

=  dl.+0<"V  +  0«>A.a+  ...  (3) 
sintf-A*-^  (4) 

where  p  is  written  for  -i- 
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Let  the  ray  pass  from  a  medium  of  index  n  into  one  of  index  n' 
and  write  for  convenience  ^--m'1'   Denote  the  various  functions 

of  the  refracted  ray,  PS',  by  priming  those  symbols  which  when 

unprimed  represent  the  corresponding  functions  of  the  incident  ray. 
Then* 

e'-T'  +  j9'»W.,+0'«,V.4  +  ...  (2') 

smaWVe  +  0'<8>Ve3  +  /3'<'>fcV  +  ...  (3') 

sin  d'  =  ph\  (4') 

and 

a'  +  t>'  =  0  =  a  +  t>  (5) 
2.  DERIVATION  OF  THE  FORMULAS 

By  Snell's  law  and  equations  (4)  and  (4') 

sin  d  =  phc^itfph'e  (6) 

From  this  he  =  p'h'e',  then  substituting  in  equation  (3): 

sin  a  =  /r*'«  +  M,3/3 +  n"0 16 > h'>  +      ™h'J  +  /»/3 *W  •  + 

M,n/S(11)Vcn  (7) 

The  sines  of  a,  and  tV  have  now  been  expressed  as  functions  of 
the  same  variable,  h' e.  Of  the  possible  methods  of  combining  these 
to  give  sin  a',  the  unknown  angle  of  equation  (5),  the  following  one 
using  trigonometrical  addition  formulas  and  series  expansions  has 
been  thought  the  most  convenient:14 

cos  t?  =  1  -  ^  sin2t>-^  sin4*-  .  .  . 
by  equation  (6) 

=  l  -  i  „'  V*7  - 1  /  VAV  -  ^  m  V*V 

sin  sin  t>  cos  tf'-cos  t?  sin  t>' 

-(/-i^-ik'-ZVAV 

~ri8(M'~  V*V  -  2^6  (m'  -  f*'1 w.» 

>'  The  sense  of  the  index  ratio  and  the  direction  of  the  ray  are  thus  mutually  defined.  If  the  ray  passes 
through  the  refracting  surface  from  left  to  right,  then  the  index  n  pertains  to  the  medium  on  the  left  and  vice 
▼eras.  The  sign  convention  for  distances  and  angles  is  independent  of  the  direction  of  propagation  of 
light  along  the  ray.  The  index  is  considered  as  negative  if  the  light  travels  from  right  to  left.  (See  foot- 
note 12,  p.  192. ) 

>«  It  is  to  be  remembered,  of  course,  if  one  Is  interested  only  in  the  third  order  or  the  third  and  fifth  orders, 
that  the  higher  orders  may  be  Ignored  entirely.  Moreover,  It  will  doubtless  be  found  that  the  method 
of  derivation  of  the  formulas  is  more  easily  followed  if  only  the  first  one  or  two  term)  ol  each  equation  are 
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Table  1. — Cog  #  coa  <3' 


\\>bt.9 


AV 


-V 


»',< 


1 - 


AV 


16' 


av 


-A- 


*'.» 


5 
256' 


4-  ~  u'»o'» 


-    7  ... 


cos  (tf  —  tf'^cos    cos  #'  +  sin  #  sin  tf' 

=  the  expansion 14  in  Table  1  +  m  V*V  V 

=  1-  g(M'-DVA7--g  (M/2-l)VAV 

-50f't-i)V,+  i)AV 

"       (m'3-1)W4  W'  +  ^Y 

cos  a  =  1  -  |  sin3a  -  ~  sin4a  -    .    .  . 
=  the  expansion  15  in  Table  2 

Table  2. — Expansion  of  cot  a 
[The  coefficient  of  each  power  of  A'.  Is  the  sum  of  all  the  quantities  below  It  In  the 


1 

AV 

A'.« 

A'.« 

A'.» 

1 

sin  a'  =  sin  [a  +  (tf-tf')] 

^sin  a  cos     —      +cos  a  sin  (0  — 
=  the  expansion  16  in  Table  3 

-t'K\+P*W}+P™K,*+P™W}  +  ...  (8) 
the  last  term  being  obtained  from  equation  (3'). 

»  This  member  of  the  equation  has  been  written  in  tabular  form  for  clearness  and  convenience.  In  Tables 
land  2  the  quantities  in  a  single  column  are  to  be  considered  as  inc'osed  in  brackets  and  multiplied  by  the 
power  of  h  at  the  top.  In  Tables  3  and  4  the  quantity  in  each  small  rectangle  in  the  body  of  the  table  is  to 
be  multiplied  by  the  power  of  a  at  the  top  of  the  column  and  also  by  t  he  ft- coefficient  at  the  left  end  of  the 
row.  The  quantity  represented  by  the  whole  table  is  the  sum  of  all  these  products.  The  products  may  be 
pouped  either  by  row  or  by  column  (In  this  case  the  latter  is  more  convenient)  and  the  common  factors 
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Since,  to  the  order  of  approximation  attained,  this  is  true  for  any 

value  of  h'€t  the  coefficients  of  like  powers  of  h'c  may  be  equated  and 
are  readily  reduced  to  the  following  form: 

r'    -m't+Cm'-Dp  (9a) 

0/0.)  -Mij8ff)-xM'p[(/4'-i)»pT+  (pi  +  ^-MV+r1)]  (96) 
0/(5)  _  M/Vi,  _               _  1)p[(/  _  l)p+ 2M'r] 

-Vp[(m,,-1)Vt+  (p,-m,V)»-m/3(p,-tj)*1  (9c) 

/3,c7)  =  M«>  -  Xm"/Jw  V  -  Dp  -  Km'^V  -  DpKm'  -  Dp + 2/r] 

-  Xm'30o,p{X(p"  - 1 )  V  -  m'Mp3  -  M' V)  +  /3r  (p>  -  r1)] 

-  X.m'pKm'3  -  DV3  +  DA  +  (p3  -  m'V)  V + /V) 

-/V-^V  +  r*)]  (9(f) 

/3'  •>  -        -m'V^V  -  Dp  -  XM'70aV  -DpKm'  -  Dp + 2/r] 
+  V0W  W-  3m'V)  -  m'(p3  -  3r»)] 

-  V,f,Pl)i(/,-l)V-M',T(p,-/V)  +  m'Mp3-  t»)] 

-  Xm'V^pWm'3  - 1  )3(m'3  +  Dp*  -  p'1  r(pf  -  M'  V)  (p1  +  3M' V) 

+  m'Mp3-t3)(p3  +  3t*)1 

-  WpKp'3  -  DW4  +  6m'3  +  5)p7  r  +  (p>-  p'  V)>- 

•  (5P4  +  6p'  JpV  +  5p'V)  -  p/ V  -  r1)  (5P4  +  6pV  +  5t4)]  (9c) 
=  ^u^an  _  )^'io(/3»»  +  2/3«^  +  t/3°>»1(p'  -  l)p 
-Kp'V*»>(/-Dp[(p'-Dp  +  2p't] 
+  Kp/9/5°,)/5(*>p[(p*-3m/V)  -/(p^-Sr3)] 
"  Xm'70<7)pW(m'3  -  1)  V  -  P"r  (p3  -  P'V)  +  p'»r  (p»  -  r»)] 

-  K«M/T/9(3,,P[(P4  +  6/V  r2  -  15p,4r4)  -  p"(p4  +  6pV  -  15r4)] 
-Xm"0(8>p[X(m'3-  D3(p'3  +  Dp8-p/ar(p>-/V)(p'  +  3p'V) 

+  p'»t(p»-tW  +  3t>)) 
-W,/5t8>p(X(p,a-D(V4  +  6M/,+5)p7-p'aT(p1-p/V)- 

-  (p4  +  2p'V  r3  +  5p'V)  +  m'Mp3  -  r*)  (p4  +  2pV  +  5r4)] 

-  Xmm'pKm'3  - 1  )3(7m'6  +  9/4  +  9M'3  +  7)pV 

+  (p>  -  p' V)1  (7pe  +  9p'V  r3  +  9p'4pV  +  7p' V) 

-  m'V  -  r>),(7pe  +  9PV  +  9pV  +  7t*)]  (9/) 

If,  instead,  the  quantities  in  Table  3  be  factored  the  following 
equations  (written  only  to  the  ninth  order)  result: 

r'-v'(r  +  p)-p  or  (r' +  p)  =  p'(r  +  p)  (10a) 
^•'-M^+jmV-D  P  (p  +  r)  (P-A)  (106) 

£' <•>  =  m"0(4>  -  |m'3/80)  (m'  -  DpKm'  -  Dp + 2/r] + |m'(p'  -  Dp(p + D 

(p-p'r)  [(m"  +  m'  +  D  ps-p'(p-l)  pr  +  p'V]  (10c) 

0' ffl  - p'70(7)  -|p/e/5w>(p' -  Dp- |p/ft/3<8>(p' -  1W  -  Dp+ 2  A] 
-jm^ B,0»'  -  DpKm' + DO*"  Dp' + 4m',t(p1 + mV)] 

+  fV-Dp(p+r)(p- m't)[(m'4  +  m"  +  m"  +  m'  +  Dp4 

-  m'(m"  -  DA + m'3(m'3 + DpV  -  m"(m'  -  Dpt3  +  m'VJ  (lOa*) 
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0>  <•)  _  -i)p  - 1/70(7)  (/  - 1  )p[(/  _  i  )p  +  2p'r] 

-|p'Wp'-1)p[p?+3mV]  --/^^^(m'-Dp- 

•Km'  + 1 )  (p"  - 1 V  +  4/Mp1  +  p't2)]  -  /6m^<,)  (p'  ~  l  )p  • 

•[(p'  +  1)  (p'4  -  l)p5  +  2M3(p,2  +  p'  +  l)pJr  +  VVV  +  6p'6T»] 

+  J  ggM  V  -  1  )P(P  +  r)  (p  -  p'r)[5(p"  +  p"  +  p'4  +  p"  +  p"  +  p'  +  l)p« 

-  p'  (p'  -  1 )  (5p/4  +  6p"  +  7p'a  +  6m'  +  5)p5r 

+  p"(5p'4  +  p'3  +  3p'a  +  p'  +  5)PV  -  p'3(p'  - 1)  (5p/a  +  4p'  +  5)pV 

+  p'4(5p'2 - /  +  5)pV -  5p"(p'  -  l)pr5  +  5p'V]  (10«) 

If  preferred,  (r'  +  p'r)  may  be  substitued  for  [(/- 1)p  +  2/t] 
throughout  those  equations.  In  most  numerical  applications  the  com- 
puting of  the  higher  powers  of  p'  may  be  avoided  by  dividing  each 

equation  by  the  appropriate  power  of  n't  remembering  that  p'™"* 
Equations  (9)  then  take  the  following  form: 

0/<3,    0(3,    j  r^i  1/pa    ra\     Wf?  >r*\l  . 

^    ^    IgoyX^j.x  r/i    i\         -i    i  r/j^     i  \>r  , 
n'«~V     2^\n   ti7PL\n   WP   VI   8PL\na   W  tip 

0/(7)  0(7,  ^oja/j  x\  i0(*yi  i\  r/i  i\  T-i 
^"F'^Vn   n'jp   2l?U   7T7PLVn   n')9  n\ 

2  7i*  PUU*'~WP    tinVn/a   nV+n'nW  WJ 

-K5-S)'(S+S)] 

If  parallel  light  is  incident  upon  a  lens  surface,  t  =  /S(3)  =0W)  = 
.  .  .  =0.  If  also  n  =  l  then  equations  (11)  are  greatly  simplified,  as 
follows: 

S-O-sO'  (i2a) 
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The  higher-order  equations  in  these  last  two  sets  may  be  written 
in  a  similar  manner. 

3.  DISCUSSION 
(a)  INHERENT  AND  PROPAGATED  ABERRATION 

If  the  incident  pencil  is  free  from  aberration,  as  is  the  case  when 
it  arises  from  a  point  on  a  material  object,  then  =  =  .  .  .  .  =  0- 
and  all  terms  in  the  aberration  of  the  refracted  pencil  vanish  ex- 
cept those  in  the  upper  row  of  Table  3 ;  that  is,  all  except  the  last 
term  in  each  of  the  equations  of  (9),  (10),  or  (11).  This  remaining 
term  in  each  order  will  be  referred  to  as  the  inherent  aberration  of 
that  order,  since  it  is  independent  of  the  aberration  due  to  the  other 
surfaces  of  the  system  ana  is  entirely  due  to  the  surface  in  question. 
It  is,  of  course,  affected  by  a  change  of  object  distance. 

If  aberration  is  present  in  the  incident  pencil,  then  the  terms  of 
the  image  aberration  which  have  a  0  coefficient  do  not,  in  general, 
vanish.  These  terms  are  to  be  considered  as  representing  the  aber- 
ration due  to  the  preceding  surfaces  of  the  system  after  its  propaga- 
tion through  the  surface  under  consideration,  and  will  be  desig- 
nated in  the  following  manner: 

The  term  in  the  fifth  order  equation  ((9c),  (10c),  or  (11c))  which 
contains  the  factor  0(8)  will  be  referred  to  as  the  third  order  term  of 
the  fifth  order  or  the  /3'(,)  (j9(3))  term.  Similarly,  the  third  order 
squared  term  of  the  seventh  order  denotes  the  (0  (3)')  term,  and 
the  third-fifth  order  term  of  the  ninth  order  denotes  the  0/(9)  (/S(3) 
0C5>)  term,  etc.  These  distinctions  will  apply  directly  to  the  system 
of  equations  to  be  developed  later  (Pt.  Ill)  except  that  the  symbol  f 
will  replace  0. 

(b)  NOTES  ON  NUMERICAL  APPLICATIONS 

There  are  a  number  of  similarities  among  different  terms  of  these 
equations  which  make  the  computation  easier  than  would  appear  at 
first  sight.  The  0'«>(/5<»)  term  is  identical  with  the  fl'H+i^u+i)) 
term,  the  fi' term,  etc.,  except  for  factors  in  p/a.  More- 
over, the  /3/(<)(/3<8>a),  /S'^H/W"),  0'«+«>(0«>/S<7>),  /3'«+«>(jS<»>3),  and 

the  /?'<*+«>  (0»>a)  terms  differ  only  by  factors  in  p'3,  |»  and  in  one 

case  t.    (i  and  j  may  be  3,  5,  7,  or  9;  i^j.) 

It  is,  of  course,  optional  which  form  of  the  equations  is  to  be  used 
in  computing.  The  third  order  of  (10b)  is  doubtless  simpler  than 
that  of  (9b).  However,  if  orders  higher  than  the  third  are  also  to  be 
computed,  the  equations  (9)  have  their  advantages,  notably  in  the 
marked  similarities  among  the  following  bracketed  quantities : 

[(m'  - 1 )  V  +  (P> + p'  V)  -  m  V + r*)] 
[  (M"  - 1 )  Vr  +  (p2  -  p'  V)3  -  p"  (p»  -  r3)3] 

[i  (p'3  - 1 )  V  -  p'3r  (p'  -  y!  V)  +  p'Mp1  -  r3)] 

Km'3  - 1)  V2  + 1  Vr  +  (Pa  -  p'  V)  V + p' V)  -  p"  (pa  -  r3)  V  +  r*)] 
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Each  of  these  quantities  is  the  sum  of  three  terms.  Each  term  in 
the  last  bracket  (seventh  order)  contains  as  factors  the  corresponding 
terms  in  the  first  two  brackets,  except  for  1)  instead  of  —  1) . 
Also  the  terms  in  the  third  bracket  contain  factors  of  the  terms  in  the 
second  bracket.   All  this  reduces  considerably  the  labor  involved  in 
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Figure  3. — Zero  reciprocal  spherical  aberration  contour 
The  point  at  m'* — h  —  m  +1  pertains  only  to  orders  higher  than  the  third. 

computing.  Either  of  these  sets  may  be  written  in  the  reduced 
form,  as  equations  (11). 

(c)  ROOTS,  ANOMALOUS  POINTS,  AND  SPECIFIC  EXAMPLES 

It  is  interesting  to  note  the  conditions  under  which  the  aberration 
of  a  surface  vanishes;  that  is,  to  find  the  root  of  the  inherent  terms 
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of  the  equations  (9)  or  (10)  when  set  equal  to  zero.  In  equations  (10) 
the  factors  common  to  all  orders  may  be  written  thus: 

'[*V-i)(i+3(wT-)>o 
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RECIPROCAL  OBJECT  DISTANCE  * 


+  3 


Fiours  4. — Reciprocal  aberration  coefficient*  for  surface  of  unit 

radius,  p'  =  i.5 

When  p  has  a  finite  value  not  zero  the  roots  of  this  are  as  follows: 

uf  —  0  Physically  impossible. 

Same  index  on  both  sides;  no  refraction. 

T/P--11 

Object  and  image  coincide  at  the  vertex. 


or 


1 


P 

r 


The  well-known  aplanatic  point. 


These  roots  are  shown  in  Figure  3.  If  p  =  0,  the  surface  is  a  plane 
and  there  is  no  center  of  curvature  from  which  to  measure  the  dis- 
tances.   If  the  object  coincides  with  the  center  of  curvature  then 
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t=oo  and  the  series  is  nonconvergent.  (See  Part  VII,  sec.  1.) 
Another  set  of  formulas  will  be  derived  which  may  be  used  in  these 


The  orders  higher  than  the  third  have  the  additional  roots  given 
by  equating  to  zero  the  quantities  in  brackets  in  the  inherent  terms  of 
equations  (10).  The  only  root  yet  found  for  these  is  the  isolated  point 
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Fiqore  5. — Reciprocal  aberration  coefficients  for  surface  of  unit 

radius,  n'^ljl.6 

+  1,  n'=  -l^  indicated  in  Figure  3.   Since  the  value  p'  =  - 1 

indicates  a  reflection,  it  may  be  noted  that  in  the  image  formed  by  a 
spherical  mirror  the  reciprocal  aberration  of  all  orders  higher  than  the 
third  vanishes  when  the  object  is  at  a  distance  2r  from  the  vertex. 

The  advisability  of  computing  and  tabulating  the  values  of  these 
coefficients  for  different  values  of  u'  and  r  is  being  considered.  Fig- 
ures 4  and  5  show,  for  the  values  u'  =  l.5  and  n' — 1/1.5,  the  form  of 
the  functions  which  would  result.  These  values  would  have  to  be 
multiplied  by  the  power  of  p  corresponding  to  the  order  of  the  aber- 
ration to  obtain  the  actual  value  of  any  particular  coefficient. 
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III.  TRANSFER  FORMULAS 
1.  DERIVATION 

The  refracted  or  imaze  pencil  from  one  surface  is,  of  course,  identical 
with  the  incident  or  object  pencil  of  the  succeeding  surface.  How- 
ever, when  the  point  of  reference  is  changed,  the  aberration  coeffi- 
cients are  also  altered.  Formulas  will  now  te  developed  for  com- 
puting the  new  coefficients. 

Let  the  subscripts  i  and  j  refer,  respectively,  to  a  surface  whose 
aberration  is  known  and  to  the  succeeding  surface,  whose  aberration 
is  to  be  computed.  Then,  as  before,  see  (2')  and  (3')  for  the  known 
surface, 

ama,t=e'th'i=r,ih't+p'i™h'i'  +  ....         u  ; 

and  for  the  succeeding  surface, 

e,=r,+/V3)V+0/6V  +  .  •  •  (14) 

ai-6A-TiAi+0»>i&,i+  .  .  .  (15) 


Figure  6. — Diagram  showing  aperture,  h,  as  measured  jrom  different  points 

on  the  axis 

Let  Ct  and  Cj  (fig.  6)  be  the  respective  centers  of  curvature,  and 
let  the  distance  from  C%  to  C,  be  a,  positive  if  to  the  right.  Then, 
for  any  ray,  as  PSf  the  adding  of  axial  distances  gives: 


1  _  1  ,  , 


Similarly,  for  a  paraxial  ray 


then: 


1  1     1  A 

—  =  -  +d,  or  -  =  —  -a 

r  i     T,  T,     T  i 


=  1  +dTi  =  Z  \i-y  =  K 

r  t  3    1    Ctr  t 


where  k  is  a  new  symbol  introduced  for  convenience. 
Manifestly 


sin  a'<  =  sin  as 


(16) 


(17) 


(18) 
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or,  by  equations  (13)  and  (15): 

Then,  substituting  in  turn  from  equations  (16),  (14),  and  (18): 

A', -(1 + 

-(l+drJ)Jk#+#i«A»i+  . .  . 
+  +dft<W,+  .  .  . 

This  last  expression  for  A'<  may  be  substituted  in  the  right-hand 
member  of  equation  (13),  and  then  since  the  latter  is  equal  to  equa- 
tion (15) 

sin  a,  =  T^  +  /9,0W,  +  /9/»W,+  .  .  . 

=  the  series  expanded  ie  in  Table  4. 

Since  this  equation  is  true  for  any  value  of  hj  the  coefficients  of  like 
powers  of  h,  may  then  be  equated. 
The  first  order  equation  is 

 tj"^i  (18a) 

^^^^^  fo^^txio *  1  do « 
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The  third  order,  after  combining  terms,  is 

(l-dT't)h*>-*fi't™ 
or,  substituting  from  equation  (18) 

/3/3)=«4/378>  (186) 
The  fifth  order,  likewise,  is 

Substituting  for  (1-rfr/)  and  0/8)  from  equations  (18)  and  (186): 

fc»,-jc^<i)+3«/0/,<"*)  (18c) 

The  higher  orders  may  be  reduced  in  a  similar  manner  and  the 
transfer  formulas  summarized  as  follows: 

T}  =  KT't  (18a) 

0/3>  =  *<j37»>  (186) 

|5/*>=«6(/5'/8>+3itrf/9'<«>2)  (18c) 

0/7)  =«*G377)  +8«/073)/3'(4)  +  WicW/J'i™)  (18rf) 

/J,™-^,™  +  l(krf/373>077)  +  5^\wH55«V0',«l)y,<,> 

+55/cWi(3)4)  (18«) 

0/m  -^^li)  +  12ko,(/373)079>  +/S'<(5)/S/<<7))  +78«aa,03'<(3>^/<(7> 

+/373)/37*)2)  +364kW<(3)3/*74)  +273kW<(3)4]  (18/) 

2.  NOTES  ON  GENERALITY 

These  transfer  formulas  are  more  general  than  has  been  indicated 
By  definition,  the  series 

e^r+^h\+^h\+  .  .  . 

refers  exclusively  to  the  center  of  curvature  of  a  lens  surface.  It  is 
evident,  however,  that  a  similar  series  may  be  written  referring  to  any 
point  on  the  axis  and  that  the  transfer  formulas  will  apply  in  trans- 
ferring to  any  other  point  on  the  axis  if  0,  t,  ft,  and  he  are  replaced  by 
the  corresponding  symbols  from  the  new  series.  Moreover,  these 
formulas  apply  as  well  to  some  of  the  series  with  different  definitions 
of  k  mentioned  in  the  introduction,  the  condition  for  their  validity 
being 

*W(a) 

where  ^  corresponds  to  0  above,  but  may  refer  to  any  point  on  the 
axis  and /(a)  is  any  function  of  a  the  use  of  which  results  in  a  con- 
vergent series  throughout  the  required  range  of  h  for  each  case  in 
question. 
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3.  TRANSFER  FORMULAS  INVOLVING  POWERS  OF  n 

If  the  reduced  form  of  the  aberration  equations  (equations  (11) 
or  (12))  is  used,  then  the  transfer  formulas  must  also  be  divided  by 
the  corresponding  powers  of  n.    They  are  then  as  follows : 

fl(6)  //£(«> 

^=<&-+3^V)  (i9c) 


§_ 

n 


(7>       /fl'<7)  rt'/3>flV6>  B'(m\ 

Other  reduced  forms  of  aberration  equations  are  to  be  given  later. 
The  various  forms  of  the  transfer  formulas  are  collected  here  for 
convenience  in  reference. 

Center  of  curvature  to  vertex : 

n«-t    *,  (20) 
n  rix 

nj<Tj  =  n(Tu)--,  (20o) 

nt^-inxy^  (206) 

Tit 

[ft/ (5)  8f(3)2~[ 

^v7-  -r  8  (uk)  d  -+12  (jiKdY  ^r  J  (20tf) 

Vertex  to  center  of  curvature: 


n   n  —  dn%ai 

1  K 


(21) 


^---n/ff,'  (21a) 


19 


5=(0Vr<'(8)  (2i6) 

^7=6)Tn<,f/(5)+3^(n/f<,(3))2]  (2ic) 

¥  =  GO" [n/f  / +  8  id  (U/U 0))  (n/r (/ (5)) 

+  12(^)f(n/f/«>)»]  (21,/) 


127984—35 
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Vertex  to  vertex: 

"—T   (22) 

i -£»/•/ 

nj<rt  =  Kiit'<rt'  (22a) 

w/r/£3)  =  icVf/C3>  (226) 


(5) 


=  «•  [n/r  / <6>  +  3<|  (n/f  /  « > )']  (22c) 
nfr**  =   [n/f/W  +  8*  £  (n/f  /  «>)  (n/fc'  <»>) 

+ 12  (*£)Vr  i,(S))8]  (22d) 

3r  orders  are  derived  from  equations  (18«)  and  (18/)  in  a  simi- 
lar manner. 

IV.  THE  RECIPROCAL  ABERRATION  OF  A  SINGLE  SURFACE 

REFERRED  TO  THE  VERTEX 

A  second  set  of  formulas  will  now  be  investigated  in  which  the  point 
of  reference  is  chosen  at  the  vertex  of  the  surface.  These  axe  to  he 
used  in  the  cases  where  the  formulas  referred  to  the  center  of  curva- 
ture are  not  applicable  (see  p.  203),  although  in  many  cases  either  set 
may  be  used. 

1.  DERIVATION  OF  THE  FORMULAS 

As  has  been  stated,  aberration  scries  of  the  form  (2)  or  (2')  may 
be  written  referring  to  any  point  on  the  axis.  Let  the  two  which 
refer  to  the  vertex  of  a  surface  (as  Vt,  fig.  6)  be 

r-a+r«>v+rttv+rff>v+  . .  •  (23) 

for  the  incident  pencil  and 

r-^  +  f/<,,V.,+r/(,,*V+f'<7)AV+  •  •  •  (23') 

for  the  refracted  pencil.  Probably  the  easiest  way  to  establish  a 
relation  between  these  two  serios  is  to  transfer  the  aberration  to  the 
center  of  curvature  by  means  of  equations  (18)  so  that  the  resulting 
coefficients  are  identical  with  those  of  series  (2)  and  (2')  and  then  to 
substitute  these  coefficients  in  equations  (10). 

Let  k  and  «'  be  the  constants  of  transfer  in  the  object  and  image 
spaces,  respectively.   Then  substituting  the  appropriate  values  for 
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the  o 
derive 


the  object  space  in  the  formulas  (18),  the  following  relations  are 
'  red : 


t  =  k<t  (24a) 
/9(8)=JC4fo)  (24fc) 

=         +ZKrtM)  (24c) 
0O)  =  ^(7)  +Sicrr W)r(6)  +  i2«'r*f  »>')  (24rf) 

^0>)=^0^(»)+10^(3)f(7)+5^r(6)2+55^(3)2i.(«)+55jc8r3fC3)4)     (24(J  ) 

By  a  similar  substitution  and  also  by  reason  of  equations  (10a) 
and  (24) 

,/  =  _^=P±I  =  M^P±l)  =  /K  (25) 
p—  «r      p  p 

in  the  case  of  the  refracted  pencil.    Continuing  the  substitution 

r'=«V  =  pW  (25a) 
^(3»  =  M'Vr(3)  (256) 

and  similarly  the  higher  orders  differ  in  form  from  (24c  to  24e)  only 
by  the  use  of  h'k  instead  of  k. 

Substituting  these  values  throughout  equations  (10),  dividing  each 
equation  by  the  power  of  p/«  appearing  as  a  factor  of  the  left  member, 

and  writing  i=^,  =  „ 
H  n 

(26a) 

-„cr  <«>  +3«crr<3>2)-ipr<3)(i-M)^ 

.[(l-p)^2.]+i,(l-^+.X^"-0- 
.[(l+M+M^-d-^^+a3]  (26c) 

(f'<7)  +8MVf,(3)f,(5)  +  12/VrT(S)3) 

=  p0'(7>+8icrr(3>fl6>  +  12/c2r2r(3)3)-^f(3)2(l-/i)p 

-^M(f(*)+3icrf<3>2)(l-p)^[(l-M)^+2(r] 

-iMr(3)(l-^^[(l+M+M2+P3)^  +  4/x^<x+4a3J 

+  ^p(l-M)^  +  a)(p^-<r)[(l+M+PJ+P3+p4)^ 

"  (1 "  M8)  £r  +  (1  +/*')       -  (1  -  M)  jV  +  <r<]  (26(f) 
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(r ' »  +  iom  vr'  (3)f (7) + (5)* 

(g)  +  10«rf°>f (7)  +  5«rf  (5,2  +  55kVs  (3)2r(8) 
+  55*r*t  °)4)        (3)f (4)  +  3<rf  <3>3)(1  -M)  -  \  r 

•  (r (7) + 8^ «>r (5> + 12^ (3)3)(i  -  m)  * [a  -  m)  -K + 2(r] 

-|    (3)?(1  -  m)p[m  jp  +  3</]  -  i  M(f (6)  +  3KTf  «>2)  (1  -  „)  *  • 

E(l  +  M-Ma-M3)^+4M^  +  4<r3]-iMf(3)(l-/x)^ 
(l+M-M4-M,)^+2(^  +  M,+  /«,)^  +  4M^a»  +  6a»] 


P9 

3 


-(5  +  M  +  pa-M8-M4-M6)^+(5  +  P  +  3iyia+M3  +  5M4)^ 


(26*) 


Equation  (266)  is  used  in  eliminating  f/(3)  from  equations  (26c)  to 
(26c).  Following  this  step,  the  resulting  form  of  equation  (26c)  is 
used  in  eliminating  f'(5)  from  the  higher  order  equations,  and  so  on. 

Remembering  at  the  same  time  that,  from  equation  (24) »  ^  =  (p— <r) 

and  +<r)  =  p.  The  equations  may  be  brought  into  the  following 
form : 

<r'  =  p-/i  (p~a)  =  fia-(n-l)  p  (27a) 

f ' <3)  -     (3)  -  \  m(  M  "  1 )  (P-  <r)3[M(p  -  <r)  -<r]  (276) 

r,(6)  =  Prl6)  +  ^f(3,(p-l)(p-a)[(5p+l)(p-a)-4a]-|p(p-l). 

.(p-a)2[p(p-a)-a][(7p2-5M+l)  (p- a)2- (5p- 5)  (27c) 
(p-flrV+O*] 

r(7)  =  Pr(7)-^Mf(3)a(p-D[(7p  +  4)(p-(r)-3<r] 
+  lMf(B(^-l)(p-<r)[(7M+l)(p-<r)-6a] 

+  ^r(3)(M-l)(p-<r)[(63M3-33p2-7M+l)(p-a)3 

-  (96/u2  -  68m  -  8)  (p  -  a)V  +  (40m  -  32)  (p  -  <r) a2  -  4 a3] 

-  ^  m(m  -  1) (P  -  <02(p(p  ~  *r)  -  a(33][M4  ~  47m3  +  25m2 -  7m  +1)  (p  -f  -  a)4 

-  (47m3  -  80m2  +  40m  -  7)  (p  -       +  (25^  -  40p  +  1 7)  (p  -  a) V 

-  (7/i  -  7)  (p +  (27<f) 
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fMt»==^{9)_;i_L_J.(3,8(/1_1)[(411  ^  +81)(p_(r)_330<r]_/if(3)f(5). 
p  —  a 

•  (M  -  1  )[(9M  +5)  (p  -  a)  -  4a]  +  \     <7>  (m  -  1 )  (p  -  a)[(9M  + 1 )  (p  "  <r) 

-  8<r]  -  |  pf  (3)2G*  -  1 )[ (198m3  -  42m2 -  80m -  3)  (p -  a)3 

-  (240m2 - 1 1  6m - 75 ) (p ~ a)2a  +  (70m  -  5 1 )  (p  -  a) a2  +  4 1  a3] 

+ g  /tf (6) (p - 1 ) (p -  *)[ (99m3 -  6 1  m2 -  9m  + 1 ) (p -  <03 "  (160m2 -  124m 
-10). 

•  (p  -  a)*a  +  (70m  ~  60)  (p  -  a)  a2  -  6a3]  +  ^  pf  Q  >  (p  ~  1 )  (p  -  *) ' 

•  [  (429m*  -  53 1  m4  + 1  40m3  +  20m2  -  9m  + 1 )  (p  -  a)* 

-  (960m4  - 1  ,372m3  +  428m2  +38m  - 10)  (p  -  a)V 

+  (770m3  - 1 ,  190m2  + 1  ,320m  +  20)  (p  -  a)V  -  (280m2  -  394m  + 130)  • 

•  (p -  a)V  +  (50p -  40)  (p -  a)a4  -  4a5]  -  ^  m(p ~  1 ) (p "  <0*' 

•[M(p-a)-a][(715Mfl-l,525M5  +  l,335M4-665M3+215M2-35M+5). 
.(p_<r)«»_(lj525M6-3,67lM4+2,709M3-l,489M2+37lM-35)(p-a)V 
+  (1  ,265m4  -3,1 89p3  +2,873m2  ~  1  ,099m  + 105)  (p  -  a)V 
-575m3- 1,369m2 +  l,049M-275)(p-a)V  +  (215M2-37lM +  165). 
•(p-  a)V-  (35p-  35)  (p-  a) a5  +5afl]  (27c) 

* 

It  may,  at  times,  be  preferable  to  multiply  these  equations  by  n' 
and  write  them  in  the  following  reduced  form 

n'<r'  =  n(x—(n  —  n')p  (28a) 
»r  a)  =  nf  •>  - 1  n(p  - 1 )  (p  -  a)2[p(p  -  a)  -  a]  (286) 

n'f ' (6)  =     (S)  +  i  7if  0 '  (p  -  1 )  (p -  a)[ (5p  +  1 )  (p  -  a)  -  4a] 

-^ti(m-I)  (p-a)2[M(p-a)-a][(7M2-5M  (28c) 
+  l)(p-a)2-(5M-5)(p-a)a  +  a2] 

and  similarly  for  higher  orders.  In  computations  by  means  of  these 
equations  it  is  not  necessary  to  find  the  f  coefficients  explicitly,  but 
only  the  "reduced  coefficients,"     (3),  nf(*\  etc. 

2.  DISCUSSION 

It  is  evident  that  these  formulas  are  considerably  more  complex 
in  form  than  those  which  refer  to  the  center  of  curvature.  They  are 
included  here  as  supplementary  formulas  to  be  applied  where  the 
other  system  is  unsuitable.  The  eleventh  order  has  not  been  included 
partly  because  of  its  unwieldiness  and  partly  because  in  the  cases 
where  these  equations  will  be  most  frequently  applied,  namely,  sur- 
faces of  small  or  zero  curvature  or  where  the  object  is  near  the  center 
of  curvature,  the  inherent  aberration  will  be  small  and  fewer  orders 
will,  in  general,  be  required  than  for  the  other  surfaces  of  the  system. 
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The  zero  points  common  to  all  orders  of  inherent  aberration  are 
given  by 

^-1)(HHH+;>-° 

n  —  0,  physically  impossible. 
(m  —  1)  =0,  the  same  root  as  in  the  other  system. 

-  1^  =  0,  a  double  root  at  the  center  of  curvature. 
(n+ 1)^  - 1^  =  - 1,  the  aplanatic  point  again. 
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Figure  7. — Zero  reciprocal  spherical  aberration  contour 

The  solid  lines  Indicate  wo  values  of  all  order*.  The  dotted  curve  indicates  an 
additional  root  of  tbe  fifth  order.  Additional  roots  of  higher  orders  are  not  shown. 

These  roots  are  shown  for  p  =  1  in  Figure  7,  as  is  also  an  additional 
root  of  the  fifth  order.  The  additional  roots  of  the  higher  orders  have 
not  been  investigated. 
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Figures  8  and  9,  corresponding  to  Figures  4  and  5,  show  the  values 
of  the  inherent  aberration  coefficients  for  ^=1/1.5  and  ^  =  1.5  when 
p  —  1.  It  is  to  be  remembered  that  a  — 1/1.5  corresponds  to  /  =  1 .5  in 
Figure  4. 
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RECIPROCAL  OBJECT  DISTANCE  <r 

Figurb  8. — Reciprocal  aberration  coefficier  te  for  eingU  surface 

of  unit  radius,  n  =  lll.5 

V.  INVERSION  TO  LONGITUDINAL  SPHERICAL 

ABERRATION 

Given  the  reciprocal  aberration  of  a  pencil  of  rays,  the  longitudinal 
aberration  may  be  derived  by  expanding  the  brackets  in  the  following 
equation 

o_l  1  


a(l+ir°Wf+if(*>A4t>+  .  . . ) 

according  to  the  formula  (1  +z)~1  =  1  —  i  +  x2  —  2?+  ...  If  the 
longitudinal  aberration  be  expressed  as  before.    (See  Introduction.) 

S=8  +  Ah'  +  Bh*  +  CW  +  ZW  +  M10  (1) 

Digitized  by  Google 


216  Bureau  of  Standards  Journal  of  Research  [vol  9 

the  following  formulas  are  found  for  converting  reciprocal  into  longi- 
tudinal aberration: 


A  = 

(29a) 

5  = 

(296) 

C= 

-s2(f<7>-2sf<3>f<a>  +  «af«>3) 

(29c) 

D  = 

-«2[f <B)  -s(2f  0>f <7)  +  f <5)3)  +  3^  (3)2f(*>  -s'f  0)4] 

(29cf) 

E= 

-4«3f(3)3r(6)+sY{3)4i 

(29«) 

RECIPROCAL  OBJECT   DISTANCE  <r 

Fioure  9. — Reciprocal  aberration  coefficients  /or  sirgle  surface  of 

unit  radius,  n  =  1.5 


These  formulas  are  quite  general.  If  the  aberration  refers  to  some 
point  other  than  the  vertex  of  a  surface,  it  is  necessary  only  to  replace 
these  symbols  by  the  corresponding  ones  in  the  new  series.  The 
parameter  may  be  taken  as  any  function  of  the  aperture  and  of  any 
constants  (as,  for  instance,  the  constants  of  a  surface  of  the  lens)  so 
long  as  a  convergent  series  result  both  for  the  reciprocal  and  for  the 
longitudinal  aberrations. 
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VI.  NUMERICAL  EXAMPLE 
1.  DETAILS  OF  CONSTRUCTION  OF  THE  LENS 

As  an  illustration  of  the  application  of  the  formulas  derived  in  the 
preceding  parts  of  the  paper,  the  reciprocal  spherical  aberration  of  the 
third,  fifth,  and  seventh  orders  has  been  computed  for  an  ordinary 
landscape  lens  such  as  is  found  in  most  low-priced  cameras.  The 
details  of  construction  of  the  lens  as  given  by  Conrady  17  and  the 
necessary  reciprocals  are  as  follows,  except  that  the  decimal  point  has 
been  changed  in  order  to  bring  it  near  the  first  significant  figure  both 
in  the  lengths  and  in  their  reciprocals: 

rj  =  -  0.5556  p,  =  -1 .7999 

n„  a=  1.63487  rf„  2  =  0.01  n~lu  ,=  0.61167 

r2=  +1.492  pa-  +0.67024 

n2,  s  =  1 .547 12  d2, 8  =  0.03  n~l2, ,  -  0.64636 

r8  =  -  0.2506  Ps  =  -  3.9904 

The  formulas  (12),  (11),  and  (28)  will  be  used  at  the  respective 
surfaces.  The  final  longitudinal  aberration  will  then  be  derived  and 
compared  with  the  results  of  trigonometric  ray  tracing. 

2.  FIRST  SURFACE;  INFINITE  OBJECT  DISTANCE 

Since  ti  =  0  and  711=  1,  the  simplified  formulas  (12)  may  be  used  at 
the  first  surface.  The  numerical  work  is  conveniently  arranged  in 
four  columns,  one  for  the  paraxial  values  and  one  each*  for  the  three 
orders  of  aberration  computed,  as  follows: 


Paraxial 

Third  order 

Fifth  order 

Seventh 
order 

1 

n'i 

0-A) 

p 

n> 

a  01167 
-1.7999 

0.61167 

.38833 
-1.7999 
1.9810 

0.22886 

.77116 
-6.8310 
1.9816 

0.08562 

.91438 
-18,800 
1.9816 
Me 

n'"  n'« 

-0.  69896 

-0. 69253 

-1.11381 

-2. 1392 

where  j  =  1,1,3,  and  5  in  the  respective  columns. 

The  first  line  in  this  computation  need  not  be  written  down  if  the 
computer  so  prefers.  The  next  four  lines  contain  the  factors  of  the 
coefficients  01  the  respective  orders.  The  reciprocal  of  the  inter- 
section distance  measured  from  the  center  of  curvature  could  now  be 
found  for  a  ray  at  any  height  h'e\  from  the  center  of  curvature  after 
refraction  at  this  surface,  this  quantity  being  given  by  the  series 

^'-feV"+(w>v*'rt,+(S>wv+(5?),,vv«',-  •  • 

=  -0.  69896  t^-0.69253  n'fh'*1- 1.11381  nVA'el4 
-2.1392  nV^V-  •  •  • 

«  Conrady.  A  pplled  Optics,  p.  «16.  See  footnote  2,  p.  191. 
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3.  TRANSFER  FROM  CENTER  OF  CURVATURE  TO  CENTER  OF 
CURVATURE;  FIRST  SURFACE  TO  SECOND 

Formulas  (19),  Section  III,  3,  are  used  in  transferring  the  point  of 
reference  to  the  center  of  curvature  of  the  second  surface.  The 
numerical  work  is  most  conveniently  carried  out  in  two  parts,  first 
computing  the  various  terms  and  factors  in  the  formulas,  and  second 
combining  them  to  find  the  new  coefficients,  as  follows: 


i 

2 
3 
4 
5 


4 

+2.0678 

■ 

n'd 

+3-3<W9 

«» 

*n'd 

+L  00379 

t* 

*• 

+L  00769 

«• 

.089043 
.  79287- 10-» 

.  70600- 10-» 
.02864- 10-< 


0MUI 


+0.47W10 
+.77136 
-.33214 


Paraxial 

Third  order 

Fifth  order 

Seventh  order 

6 

r'i.  /r,«> 
5Y  «v 

-0.69398 

-a  89253 

-L 11381 

-2.1392 

7 

+1.44426 

+8.1942 
-4. 0169 

8 

«*— term... 

9 

Sum 

+.33044 

+.0391 

10 

ri.  0,M 

n,'  " 

-.20*67 

64900- 10-« 

+.  23329- 10-» 

+.Q248-10-« 

In  this  computation  the  value  of  d  is  found  from  the  original  data 
(rfeic2==^»u2-ri  +  r2),  then  k  and  its  powers  and  multiples  are  com- 
puted, n'd  being  found  incidentally  to  the  computation  of  k.  Line  6 
is  copied  from  the  last  line  of  the  computation  in  the  preceding  sec- 
tion. The  "sums "  in  fine  9  are  the  numerical  values  of  the  quantities 
in  brackets  in  the  formulas,  which,  when  multiplied  by  the  proper 
power  of  k  give  the  coefficients  for  the  object  pencil  at  the  second 
surface. 


4.  SECOND  SURFACE  AND  TRANSFER  TO  THIRD;  CENTER  OF 

CURVATURE  TO  VERTEX 

The  aberration  at  the  second  surface  is  computed  by  means  of 
formulas  (11).  As  may  be  seen  below,  the  computation  falls  readily 
into  three  parts.  In  lines  1  to  10  the  various  monomial  and  binomial 
quantities  and  their  powers  which  appear  in  the  formulas  are  com- 
puted.  In  fines  11  to  14  are  computed  the  four  bracketed  quantities 

which  appear  in   the  — 75 — inherent,   the  — 71 — inherent,  the 

n  n 

fl'(7)  /fl«>\  Rn7) 

^jpry^rjt  anc*  tne  ~tfT  -inherent  terms  respectively.18   In  each 

case  the  three  products  composing  the  quantity  are  written  in  the  first 
three  columns  and  their  sum  is  written  in  the  last  column.  In  fines 
15  to  20  the  various  terms  in  the  formulas  are  evaluated  and  added 
together  to  find  the  constants  of  the  refracted  pencil.    The  inherent 

A(3) 

aberration  appears  in  line  16,  the  terms  containing  the  factor  ^j-  are 
in  line  17,  and  so  on. 


«  These  designations  arc  explained  In  Sec.  11,  8;  p.  201. 
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In  the  transfer  to  the  vertex  of  the  third  surface,  the  first  part  of 
the  computation,  lines  25  to  29,  has  been  written  below  the  second 
part,  lines  20  to  24  in  order  to  eliminate  the  recopving  of  line  20. 
Moreover,  the  computation  differs  slightly  from  that  in  tne  preceding 
section  in  the  use  of  formulas  (20)  instead  of  (19). 

The  numerical  work,  then,  is  as  follows: 


1 

1 

1 

n7"' 

V.n«  nr*J 

1 
2 

3 
4 

6 
6 

7 

1 
2 

3 

c 

+tt  67024 
+.44822 
+.  30109 
+.  13525 

a  61167 
.37414 

a  64636 
.41778 

-a  03469 
-.04364 

(;) 

GO' 

(0* 

1 

2 
3 

-a  20857 
+.043501 

+0.43323 
+.  18768 

+0.40997 
+.16808 

-a02325 
— .  23182 
-[44035 

8 
9 

(5-5) 

1 
2 

+a  001203 
+.  001904 

+0. 14418 
+.  020788 

+tt  12458 
+.  015520 

10 

11 
12 
13 
14 

(SrS) 

1 

+0.79192 

+a  23118 

+0.  21158 

Bracketed  quantities 

Sum 

-a  00017 
—.000120 
+.000143 
-.0000425 

+0. 14141 
+.012715 
+.  018394 
+.0029395 

-a  13670 
-.010031 
-.016785 
-.0021225 

+O.0O448 
+.002564 
+.001742 
+.  0007745 

Paraxial   1    Third  order 

Fifth  order 

Seventh  order 

16 

16 
17 
18 
19 

20 

21 
23 

28 

24 

n  .  *W 
nt ' 
Inber. 

«V  W 

& 

8am 

-tt  20857 
-.02325 

-a  54909- 10-' 
-.1501  -10-* 

+a  23329- 10-» 

-.2148  -10-« 
+.0281  10~» 

+tt  0246- 10"* 

-.3244-10-* 
+.  0321-10-* 
-.  01 19- 10-* 
+.  0035- 10-* 

-.2761-10-* 
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5.  THIRD  SURFACE  AND  INVERSION  TO  LONGITUDINAL  ABERRATION 

The  aberration  due  to  the  third  surface  of  the  lens  might  also  be 
computed  by  the  same  method  as  was  used  at  the  second  surface. 
However,  it  is  desired  to  illustrate  the  use  of  formulas  (28),  and  more- 
over it  is  preferable  to  have  the  final  aberration  referred  to  the  back 
vertex  without  the  additional  transfer  from  the  center  of  curvature 
to  the  vertex.  Since  the  image  is  in  air,  then  n'  is  unity,  m  = 
equations  (28)  are  identical  with  equations  (27),  and  the  "reduced" 
coefficients,  nV,  n'f'(3>,  .  .     are  equal  to  the  actual  coefficients, 

In  lines  1  to  4  of  the  computation  the  preliminary  data  are  pre- 
pared. The  bracketed  quantities  computed  in  lines  5  to  22  are 
given  the  designation  of  the  term  in  which  they  appear.  The  vari- 
ous sums  of  the  powers  of  n  appear  in  the  first  column  of  numbers. 
These  are  multiplied  by  the  appropriate  powers  of  (p—  <r)  and  <r, 
and  the  products  are  written  in  the  next  column.    Finally,  these 

{>roducts  are  added  together  to  give  the  total  value  appearing  in  the 
ast  column. 

The  coefficients  of  longitudinal  spherical  aberration  are  computed 
in  lines  28  to  34  by  formulas  (29),  Part  V,  in  much  the  same  manner 
as  a  transfer  is  made  to  a  new  point  of  reference. 

These  computations  are  as  follows: 


1 

(p-<r)< 

9* 

1 
2 
3 
4 

1.M712 

2. 

8.70310 
5.7292 

-3.2304 
+10-  4743 
-33.809 
+109.711 

—0.75404 
+.56858 
-.42873 
+.32328 

Bracketed  quantities 

Sum 

8 

f(»)(f<i>) 

(Sti+1) 

8. 735(5 

-28.272 
+3.016 

-25.256 

(7n*-.  .) 
-(fin-5) 

10. 0196 
-2.7356 

.(„„), 
•(,), 

+104. 947 

-6.  (■::»« 

+.  6W> 

+98.840 

as 

(7n+4) 

14.8296 

(p-a) 
—3* 

-47.995 
+2.2621 

-45.733 

a 

f(0(f<0) 

(7n+l) 

11.8298 

•(p— ») 

-38.286 
+4.524 

-33. 762 

04) 
(15) 

(63m-.  .) 
-(96n»-.) 
(40a-32) 

144.481 

-111.  579 
29.8848 

•G>-*)» 
•(p)V 

135 

-4,897.8 
+920. 75 
-54.99 
+1.71 

-4,030.3 
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(18) 
(19) 
(20) 
(21) 
(22) 

(/nA.) 

(33n«-.  .) 
-(47n»-.  .) 
(25n>-.  .) 
-(77,-7) 

65.0247 
-37.  446 
14. 9547 
-3.8298 

•(p-»)« 
•0>)>«r 
•  (p)1*1 
•(p)«r« 
+P« 

+7, 133. 92 
-957. 16 
+89.06 
-5.31 
+.32 

+6,260.8 

Third  order 

Fifth  order 

Severn  h  order 

(23) 
(24) 

<2o) 

$ 

(28) 
(29) 
(30) 

(31) 

(32) 

Inber. 

Si 

«-term 

Sum 
/I'.  7?'.  C 

-i.  imo 

+2. 1832 

-a  7827 
+18.864 

-0.7709 
+465.88 
-27.08 

-1.3529 
+14.755. 
-1.080.2 
-35.7 
+11.9 

+13.650 
-15,573 
+5,710 

+1.0166 

+18.071 

+438.03 
-321.  23 

+116.80 

+3.787 

+.08367 

-17.480 

-113.02 

-3,664 

(33) 
(34) 

*  > 

0  06761 

+32A.50 

+7.915.6 
+5,001.3 

It  is  more  or  less  customary  to  change  the  dimensions  of  a  lens 
proportionately  so  that  the  focal  length  is  1,000  mm  when  plotting 
the  aberrations.  This  is  done  to  a  satisfactory  approximation  in  the 
present  case  by  merely  changing  the  decimal  point.  The  intersection 
distance  measured  from  the  back  vertex  for  an  image  ray  at  height 
h'3  is  then  given  by  the  series 

S'3  =  s'3  +  A'h'f  +  B'h'S  +  C'K  7 

=  983.67-0.017486  h'f- 0.00011302  h V- 0.000003664  h'f 
6.  COMPARISON  WITH  RAY  TRACING 

In  comparing  the  results  of  algebraic  and  trigonometric  computa- 
tions it  is  well  to  keep"  in  mind  the  following  essential  difference 
between  the  two:  In  the  trigonometric  work  the  longitudinal  spherical 
aberration  is  found  as  the  difference  between  the  intersection  lengths 
of  a  paraxial  and  another  ray.  If  either  length  is  determined  with 
an  uncertainty  of  0.01  mm,  the  uncertainty  in  the  aberration  thus 
determined  is  at  least  as  large  as  that.  In  the  algebraic  series,  on  the 
other  hand,  the  spherical  aberration  is  expressed  as  one  or  more 
correction  terms  to  be  applied  to  the  paraxial  focal  length,  and  accord- 
ingly the  aberration  may  sometimes  be  found  with  an  uncertainty  of 
0.001  mm  or  less  when  the  intersection  lengths  are  not  known  to 
within  0.1  mm. 

For  the  lens  in  our  example  Conrady  gives  the  following  values 
obtained  by  tracing  a  ray  witn  the  use  of  five  place  tables : 

Ai  =      30.0  «'3  =  1.8253° 

«'3= +983.67  5',  =  967. 13 

Long.  Spher.  =  — 16.54 
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For  purposes  of  comparison,  the  algebraic  aberration  must  be 
determined  for  the  same  ray,  that  is 

h\  =  S\  sin  a'3  =  967.13  sin  1.8253°  =  30.805 

This  value  substituted  into  the  final  series  in  section  5,  above,  gives : 

A'h'i  =  - 16.  593  s'3  =  +  983.  67 

#'AY=     -.1018      Long.  Spher.  =  -16.698 

CAY  =    - .  003 1  S\  -  +  966.  972 

Total  =  -16.  698 
These  results  are  shown  in  Figure  10. 

K, 

--40 


J20.        _I5.        JO.         _&  O  MM 

LONGITUDINAL  SPHERICAL  ABERRATION 

Figure  10. — Spherical  aberration  of  "landscape"  lens 


The  curve  ?hows  the  aberration  of  this  lens  as  given  by  the  accompany- 
lng  calculation.  The  circle  Indicates  a  value  obtained  by  trigonometric  ray 
tracing  using  5  place  tables.  The  curve  as  shown  corres  r>b  tul3  to  a  back  focal 
length  of  983.6  mm.  The  horizontal  scale,  however,  Is  twice  the  vertical. 

In  order  to  determine  whether  the  discrepancy  of  0.158  mm 
between  the  two  values  of  Long.  Spher.  is  due  more  largely  to  the 
trigonometric  or  to  the  algebraic  computation,  a  seven-figure  trigo- 
nometric computation  has  been  carried  out.  Its  results  are  as  follows : 

s',  =  983.591  a',=  1.82576° 

5",=  966.  888         Long.  Spher. -  - 16.  703 

When  this  more  precise  value  is  taken  as  a  standard  of  comparison, 
it  may  be  seen  that  the  algebraic  computation,  even  if  only  the  third 
spherical  order  term  be  considered,  gives  a  better  value  for  the  spheri- 
cal aberration  than  does  the  five-figure  trigonometric  computation. 
Moreover,  if  the  fifth  order  term  is  included  the  resulting  aberration 
differs  but  little  from  that  given  by  the  seven-place  work.   The  sev- 


Digitized  by  Google 


fitniutt) 


Reciprocal  Spherical  Aberration 


223 


enth  order  term  is  negligible  in  the  present  case,  but  with  larger  rela- 
tive apertures  it  would  become  more  prominent. 

It  is  interesting  to  note  that  Conrady  computes  the  third  order 
spherical  aberration  to  be  — 16.702,  which  is  virtually  identical  with 
the  total  aberration  given  by  the  7-place  computation,  and  then 
states  that  this  value  "agrees  very  well  with  the  more  exact  trigo- 
nometric amount,  — 16.54,  showing  that  the  higher  spherical  aberra- 
tion is  small."  The  difference  between  the  two  values  of  the  third 
order  aberration  may  be  considered  as  due  to  the  causes  mentioned 
in  Part  I,  section  2.  On  the  other  hand,  the  close  agreement  between 
the  first  two  paraxial  image  distances  mentioned  above  appears  to 
be  largely  fortuitous. 

Although  a  final  appraisal  of  the  values  of  algebraic  v.  trigonometric 
computations  should  not  be  based  upon  one  numerical  example  alone, 
still  the  following  estimate,  based  upon  this  computation  along  with 
others  which  the  author  has  made,  may  well  be  given  here.  The 
algebraic  method  is  believed  to  be  capable  of  giving  as  dependable 
results  as  the  trigonometric  in  all  practical  cases.  As  a  general  rule, 
an  exactness  comparable  to  that  given  by  5-figure  ray  tracing  may 
be  obtained  for  apertures  up  to  approximately  j/10  by  computing  the 
third  order  only,  and  for  apertures  up  to  approximately  //6  by  com- 
puting the  third  and  fifth  orders.  These  stated  apertures  will  vary 
widely,  tending  to  be  smaller  for  meniscus  than  for  symmetrical 
lenses.  The  labor  involved  in  computing  the  paraxial  and  third 
order  quantities  by  the  method  described  m  this  paper  is  about  the 
same  as  that  of  tracing  one  paraxial  and  one  rim  ray,  that  involved 
in  computing  also  the  fifth  order  is  about  the  same  as  that  of  tracing 
one  paraxial  and  two  other  rays.  However,  the  possibility  exists  of 
compiling  tables  of  tlje  series  aberrations,  for  instance  as  functions 
of  the  index  of  refraction  and  the  reciprocal  object  distance,  and  thus 
of  reducing  the  work  to  a  minimum. 

VII.  DISCUSSION 
1.  CONVERGENCE  OF  ABERRATION  SERIES 

The  validity  of  series  expressions  of  aberration  has  been  questioned 
on  the  ground  that  the  magnitude  of  the  terms  which  are  neglected 
is  not  known.  In  fact  Baker  and  Filon19  have  pointed  out  two  cases 
in  which  these  series  actually  become  nonconvergent.  There  are 
analogous  cases  in  the  system  of  equations  developed  in  the  foregoing 
paragraphs,  and  these  will  be  briefly  discussed  here. 

In  one  case  of  nonconvergence  the  image  distance  for  rays  at  some 
finite  distance  from  the  axis  is  infinite  and,  accordingly,  the  longitu- 
dinal aberration  is  infinite  and  can  be  expressed  by  no  convergent 
series.  In  reciprocal  aberration  this  case  can  be  seen  merely  to  be 
one  of  a  zero  value  of  the  series.  Nevertheless,  analagous  difficulty 
arises  in  the  reciprocal  series  when  a  ray  passes  through  the  point  of 
reference  so  that  the  reciprocal  distance,  and  hence  the  reciprocal 
aberration,  becomes  infinite.  This  difficulty,  however,  can  easily  be 
avoided  by  a  proper  choice  of  the  point  of  reference. 

The  second  case  mentioned  by  Baker  and  Filon  concerns  aberration 
series  which  are  written  in  terms  of  the  inclination  of  the  ray  in  the 


>•  Baker  and  FUon,  On  an  Empirical  Formula  for  the  Longitudinal  Spherical  Aberration  of  a  Thick 
Lens;  Tram.  Opt.  Soc.  London,  voL  JO,  pp.  C7-OT,  1918-19.    Bee  particularly  pp.  74-78. 
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image  space  and  involves  longitudinal  and  reciprocal  series  alike.  It 
was  shown  that  two  rays  in  the  image  pencil  may  have  equal  inclina- 
tions but  unequal  aberrations  so  that  the  aberration  is  a  double- 
valued  function  of  the  independent  variable.  Manifestly  no  series 
can  be  convergent  for  both  values. 

In  the  present  system  of  equations  there  is  the  following  analagous 
case:  Let  ST  (fig.  11)  be  the  caustic  curve  of  a  pencil  of  rays.  If  the 
origin  be  chosen  as  at  0  so  that  a  normal,  N,  to  the  caustic  curve 
passes  through  it,  then  for  every  ray,  RBSB,  tangent  to  the  curve 
beyond  N,  there  is  another  ray,  R\SK}  such  that  the  normals,  OQ  and 
OP,  of  the  two  rays  are  equal.  There  are,  then  two  values  of  the 
aberration  for  a  single  value  of  the  variable,  h,  and  consequently  no 
series  can  be  convergent  throughout  this  interval. 


Figure  11. — Diagram  illustrating  nonconvergence  of  aberration  series 

However,  by  choosing  a  suitable  point  of  reference,  this  difficulty  is 
avoided,  or  at  least  the  interval  of  convergence  may  be  sufficiently 
extended  for  practical  purposes. 

Without  stopping  for  the  proof  for  other  types  of  series,  it  may  be 
stated  as  a  more  or  less  general  rule  that,  if  any  aberration  series  be 
written  using  as  a  variable  a  length  measured  from  a  point  on  the  axis 
to  a  point  on  the  ray  in  some  specified  manner,  than  an  absolute  limit 
to  the  interval  of  convergence  of  the  series  is  reached  when  the  speci- 
fied point  on  the  ray  coincides  with  the  point  of  tangency  of  the  ray 
with  the  caustic  curve.  In  practice,  however,  long  before  this  limit 
is  reached  the  series  will  become  so  slowly  convergent  as  to  be  of  no 
practical  value.  It  is  to  be  observed,  however,  that  nonconvergence 
can  be  avoided  in  the  proposed  system  by  a  proper  choice  of  the  point 
of  reference,  while  Baker  and  Filon  found  it  necessary  to  use  a  func- 
tion of  the  incident  ray  rather  than  of  the  refracted  ray  as  the  variable. 

This  is  objectionable  on  account  of  the  indefiniteness  inherent  in 
using  a  function  of  the  incident  ray.  For  example,  if  h  is  given  in 
SAP4  (fig.  1),  S'<  may  be  found  from  equation  (1).  However,  this 
determines  only  one  point  on  the  ray  since  the  ray  might  traverse  the 
lens  by  a  different  path  and  still  intersect  the  axis  at  the  same  point. 
Even  if  the  height  of  incidence  on  the  last  surface  is  used  as  the  ordi- 
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nate  and  the  axial  point  determined  as  before,  the  exact  direction  of 
the  ray  is  not  known  unless  the  radius  of  the  surface  is  given  also. 
On  the  other  hand,  in  the  proposed  system  when  the  axial  point  is 
found  by  equation  (1),  the  position  of  the  ray  is  competely  determined 
by  a  simple  geometrical  construction.  Moreover,  the  ratio  (or  in 
the  case  of  reciprocal  aberration,  the  product)  of  these  two  quantities 
equals  the  sine  of  the  angle  of  inclination  of  the  ray  while  in  the  two 
systems  just  mentioned  there  is  no  direct  relation.  * 

2.  RELATION  TO  PATH  DIFFERENCE  EQUATIONS 

If  it  is  desired  to  find  the  path  difference  between  the  two  rays  at 
some  point  on  the  axis,  in  order  to  work  out  the  diffraction  effects 
according  to  formulas  such  as  those  published  by  L.  C.  Martin,20  a 
further  advantage  is  gained  in  measuring  the  aperture  along  a  line 
perpendicular  to  the  ray  rather  than  to  the  axis.  In  Martin's  formula 
the  independent  variable  is  the  height  of  intersection  of  the  ray  with  a 
wave  front  through  a  fixed  axial  point.  If  ERARB  (fig.  11)  is  a  wave 
front,  then  RAG  is  such  a  height.  Plainly  an  axial  aoerration  series 
could  not  easily  be  written  using  this  variable  since  the  shape  of  the 
wave  front  is  not  usually  known.  If  the  wave  front  were  exactly 
spherical  then  it  is  evident  that  RAG  would  be  exactly  equal  to  EF 
which  is  the  variable  used  in  the  present  paper.  Now,  since  wave 
fronts  do  not  ordinarily  depart  from  sphericity  by  more  than  one  or 
two  wave  lengths,  or  0.001  mm,  when  h  equals,  say,  20  mm,  the  two 
lengths  could  be  considered  equal  in  most  cases  without  appreciable 
error,  so  that  the  coefficients  of  the  series  derived  in  this  paper  could 
be  substituted  directly  into  Martin's  equations. 

A  further  investigation  of  the  relation  between  reciprocal  aberration 
and  path  length  differences  has  been  begun,  and  exact  equations  have 
been  derived.  It  is  expected  that  these  will  be  published  soon. 

3.  CONCLUSION 

Besides  the  theoretical  interest  which  attaches  to  the  equations 
derived  in  this  paper,  there  also  is  believed  to  be  a  considerable 
possibility  of  their  practical  application.  No  optical  computer  to-day 
questions  the  value  of  the  third  order  aberrations  developed  by  Seidel, 
and  yet  Berek11  states  that  "L.  Seidel  himself  did  not  consider  the 
aberration  formulas  of  the  third  order  which  he  published  between 
1853-1856  suitable  for  practical  purposes  and,  therefore,  furnished 
trigonometrical  tracing  formulas  to  the  C.  A.  Steinheil  Optical  Co. 
(1866)."  Further,  it  may  be  stated  that  the  mathematical  tools 
furnished  by  Seidel  lay  idle  for  about  60  years,  and  only  recently 
their  usefulness,  in  spite  of  their  restrictions,  has  been  recognized. 
Although  the  fifth  order,  up  to  the  present  time,  has  beeji  considered 
too  unwieldy  to  be  useful,  still  it  is  not  impossible  that  it,  like  the 
third  order,  will  in  time  be  brought  into  a  simpler  form  adaptable  to 
numerical  work.  In  addition  to  this  there  is  tho  possibility  of  the 
compilation  of  tables  of  these  aberrations  which  would  shorten 
considerably  the  work  of  computing. 

Washington,  June  16,  1932. 

»•  L.  C.  Martin,  A  Physical  8tudy  of  Spherical  Aberration,  Trans.  Opt.  8oc.,  London,  vol.  23,  pp.  63-92 
1U21-22. 

n  Berek,  p.  41,  see  footnote  11,  p.  192. 
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AN  ATTACHMENT  FOR  TURNING  APPROXIMATELY 
SPHERICAL  SURFACES  OF  SMALL  CURVATURE  ON  A 
LATHE 

By  I.  C.  Gardner 


ABSTRACT 

This  device  replaces  the  compound  rest  on  a  lathe  and  was  particularly  designed 
for  the  production  of  the  convex  or  concave  surfaces  of  lens-grinding  tools 
although  it  is  well  adapted  for  the  production  of  such  surfaces  for  any  purpose. 
It  is  intended  to  be  used  only  for  the  production  of  surfaces  of  which  the  radius 
of  curvature  is  too  great  to  permit  the  use  of  a  tool  mounted  on  the  end  of  a  radius 
rod.  The  mathematical  theory  underlying  the  design  and  a  detailed  description 
of  the  instrument  as  built  are  given  in  detail.  The  attachment,  as  constructed, 
permits  disks  under  300  mm  in  diameter  to  be  faced  and  any  radius  of  curvature, 
greater  than  500  mm  may  be  obtained. 

The  surfaces  produced  are  not  accurately  spherical,  but  for  many  purposes 
the  approximation  is  entirely  satisfactory.  The  approximation  becomes  poorer 
as  either  the  curvature  or  diameter  of  the  surface  is  increased.  For  a  surface  200 
mm  in  diameter  with  a  radius  of  curvature  of  1,000  mm  the  maximum  departure 
from  sphericity  is  0.02  mm.  If  the  diameter  of  the  tool  is  300  mm  and  the  radius 
of  curvature  is  500  mm,  the  departure  from  sphericity  is  approximately  0.3  mm. 
This  last  value  is  the  maximum  departure  for  any  surface  lying  within  the  working 
range  of  the  instrument. 
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I.  INTRODUCTION 

In  the  construction  of  machines  or  tools  it  is  often  necessary  to 
form  a  small  portion  of  a  spherical  surface  of  which  the  radius  of 
curvature  is  very  long.  This  is  particularly  the  case  when  making 
lens-grinding  tools.  The  tool  employed  for  grinding  or  polishing 
the  surface  of  a  lens  may  he  described  as  a  circular  disk,  usually  of 
brass  or  cast  iron,  with  a  hub  at  the  center  of  one  face  by  which  it 
can  be  mounted  on  a  spindle  and  with  the  other  face,  in  special  cases 
plane,  but  generally  convex  or  concave,  the  radius  of  curvature  being 
the  same  in  magnitude  but  opposite  in  sense  to  that  of  the  surface 
desired  on  the  finished  lens. 

When  the  radius  of  curvature  is  not  too  great  such  surfaces  can  be 
conveniently  generated  by  mounting  the  cutting  tool  of  a  lathe  on 
the  end  of  a  radius  rod  of  the  desiredlength.  However,  if  the  radius 
of  curvature  is  much  greater  than  2,000  mm  such  a  method  is  not 
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suitable,  and  convenient  methods  for  producing  such  surfaces  are 
not  commonly  available  in  the  machine  shop.  There  is  a  machine 
tool  by  which  spherical  surfaces  of  small  curvature  can  be  generated, 
but  its  method  of  operation  requires  the  use  of  a  milling  cutter  with  its 
diameter  at  least  as  great  as  that  of  the  lens  tool  to  be  made.  It 
follows  that  a  machine  of  this  type  must  be  large  and  strongly  built. 
It  is  necessarily  expensive  and  can  not  be  used  economically  unless 
the  demand  for  spherical  surfaces  is  such  that  it  can  be  kept  in  opera- 
tion for  long  periods  of  time. 

There  are  other  devices  on  the  market  for  producing  tools  for  the 
manufacture  of  ophthalmic  lenses.  Some  of  these  are  not  fitted  for 
making  a  surface  with  the  radius  of  curvature  greater  than  2  or  3  m. 
Others,  which  permit  surfaces  of  less  curvature  to  be  made,  employ 
templates,  and  hence  do  not  permit  any  desired  curvature  to  be 
obtained  except  by  the  construction  of  a  special  template. 

Accordingly,  when  the  radius  of  curvature  is  large,  the  difficulty  of 
readily  producing  such  a  surface,  by  methods  hitherto  available,  is  so 
great  that,  in  some  instances,  the  lens  designer  actually  avoids  the 
use  of  surfaces  of  small  curvature  although  this  course  is  not  satis- 
factory except  for  certain  types  of  optical  systems.  In  other  cases, 
arcs  arc  described  on  sheet  metal  by  a  marker  on  the  end  of  the 
required  length  of  piano  wire.  Two  templates  are  filed  from  the 
metal — the  one  convex,  the  other  concave — and  these  are  ground 
together  to  eliminate  the  smaller  irregularities.  These  templates 
are  used  to  control  the  form  of  the  tool  which  is  turned  by  hand  on  a 
lathe.  Hand  turning  would  not  be  sufficiently  precise  except  that 
lens  tools  are  usually  required  in  pairs,  convex  and  concave,  and  the 
two  tools  can  be  ground  together  before  use.  The  turning  of  tools 
by  such  a  method  is  not  only  costly  and  tedious,  but  the  cost  is  often 
further  increased  by  the  excessive  amount  of  grinding  which  is  re- 
quired to  prepare  hand-turned  tools  for  use. 

Because  of  these  difficulties  a  new  method  of  producing  approxi- 
mately spherical  surfaces  of  small  curvature  has  been  developed. 
By  this  method  the  surfaces  may  be  produced  on  a  lathe  by  sub- 
stituting a  relatively  simple  attachment  for  the  compound  rest. 
An  adjustment  can  be  readily  made  to  rive  any  radius  of  curvature 
within  the  range  of  the  attachment.  The  sharper  curvatures  can 
not  be  generated  by  this  device,  but  this  offers  no  serious  disad- 
vantages as  simple  and  satisfactory  methods  are  already  available 
for  such  curves.  The  surfaces  generated  are  not  truly  spherical  but 
in  many  cases,  particularly  for  the  larger  radii  of  curvature,  or  for 
tools  of  small  diameter,  the  departure  from  sphericity  is  so  small  that 
the  tools  may  be  used  as  turned.  For  the  sharper  curvatures  falling 
within  the  range  of  the  instrument  it  may  be  necessary  to  grind  the 
members  of  a  pair  of  tools  together,  but  the  time  of  grinding  will  be 
small  as  compared  with  that  required  for  tools  turned  by  hand. 

II.  GENERAL  DESCRIPTION  OF  THE  ATTACHMENT 

According  to  this  method  the  spherical  surface  to  be  produced  is 
turned  on  a  lathe  by  a  single-tooth  tool  mounted  in  a  special  tool 
holder  which  is  guided  to  generate  the  desired  surface  by  a  simple 
linkage  system.  A  plan  view  of  the  fundamental  parts  is  shown 
diagrammatically  in  Figure  1 .    The  line  KN  is  the  axis  of  the  lathe 
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spindle  and  the  arc  KL  is  a  meridian  section  of  the  curved  surface 
which  is  turned  by  the  cutting  tool  indicated  at  K.  At  A  and  B  are 
two  pins  which  are  fixed  to  the  lathe  carriage.  The  triangle  CDE, 
on  which  the  cutting  tool  is  rigidly  mounted,  is  pushed  across  the 
lathe  by  a  cross-feed  and,  as  it  advances,  the  two  sides  remain  in 
contact  with  the  pins  A  and  B,  thereby  causing  the  triangle  to  rotate 


H 


Figure  I.— Diagrammatic  sketch  of  linkage 

in  such  a  manner  that  the  cutting  tool  generates  the  arc  KL.  When 
the  lathe  spindle  is  revolving,  therefore,  a  surface  of  revolution  with 
the  arc  KL  as  a  meridian  section  is  produced. 

Under  the  guidance  of  this  linkage,  the  tool  generates  an  arc  which 
is  not  truly  circular,  but  the  approximation  is  satisfactory  over  the 
entire  range  of  curvatures  for  which  the  use  of  a  radius  bar  is  unsatis- 
factory. Therefore  the  two  methods  supplement  each  other  and, 
together,  provide  for  the  production  of  any  curvature.    The  amount 
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of  curvature  is  determined  by  the  magnitude  of  the  angle  between 
lines  DE  and  DC  and  by  the  length  AB.  It  is  convenient  to  hold 
AB  constant  and  provide  means  for  varying  the  angle.  The  instru- 
ment may  be  calibrated  to  permit  a  setting  to  be  readily  made  for  any 
desired  curvature.  It  is  an  advantage  of  this  linkage  that  the  con- 
straints at  A  and  B  do  not  change  their  directions  of  action  during 
the  production  of  a  given  surface  and  accordingly  inaccuracies,  which 
may  arise  from  lost  motion,  are  substantially  eliminated. 

III.  DERIVATION  OF  THE  EQUATION  OF  THE  CURVE  GEN- 
ERATED BY  THE  LINKAGE 


In  order  to  determine  the  exact  form  of  the  surface  generated 
by  this  attachment  it  is  desirable  to  derive  the  equation  of  the  meridian 
section,  which  is  the  plane  curve  generated  by  the  linkage  system. 
In  Figure  1  the  essential  portions  of  the  linkage  are  illustrated  in 
two  positions.  In  the  upper  drawing  the  triangle  CDE  is  shown  in 
its  initial  position  with  DC  at  right  angles  to  the  bed  of  the  lathe  and 
with  K,  the  generating  point,  in  the  prolongation  of  the  axis  of  the 
spindle  of  the  lathe.  As  this  triangle  is  advanced  across  the  bed  of 
the  lathe  the  sides  DC  and  DE  remain  in  contact  with  the  fixed 
constraints  A  and  B,  thus  causing  the  triangle  in  the  course  of  its 
motion  to  assume  the  position  shown  in  the  lower  di  awing  of  Figure  1. 
Two  parameters,  p,  the  distance  from  D  to  A,  and  a,  the  angle  between 
the  lines  AB  ana  CD,  serve  to  define  the  position  of  the  triangle. 
The  angle  DBA  will  be  denoted  by  y.  The  initial  values  of  these 
are  p0,  oq,  and  to  as  indicated  in  the  upper  drawing  of  Figure  1.  The 
lengths  AB  and  AK,  designated,  respectively,  as  R  and  d  are  constants 
of  the  instrument.  The  angle  CDE,  denoted  by  0,  remains  constant 
during  the  generation  of  any  desired  surface,  but  is  varied  in  order 
to  produce  different  curvatures.    It  is  convenient  to  write 

P~Po  =  q  (1) 

where  q  is  the  extent  of  travel  of  DC  past  A. 

The  x  y  system  of  coordinates  indicated  on  Figure  1  is  assumed 
fixed  with  respect  to  the  bed  of  the  lathe  and  the  parts  A  and  B. 
Then,  for  any  point  on  the  generated  curve, 

x  =  q  cos  (a  —  ao)  —  d  sin  (a—  oq) 

y  =  q  sin  (a-a<>)  +d  [cos  (a-ao)-l]  ^  ' 

• 

but  for  the  more  convenient  application  of  these  equations  it  is  desir- 
able that  the  trigonometric  functions  of  (o  — oq)  be  replaced  by  equiva- 
lent expressions  in  terms  of  0.    If,  by  definition 


then 
Since 


P=|sin/3 
C=(l-F,),/a 

sin  7=»P 
cos  7=  -Q 


o=180°  -09  +y) 


(3) 


(4) 
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FIGURE  4. —  Hark  rietr  of  attachment  mounted  on  a  lathe 


Similarly 
where 
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sin  a  =  sin  (0+y)  =  P  cos  0—  Q  sin  0  and  (5) 
cos  a  =  —  cos  (0  +7)  •■=  Q  cos  0  +P  sin  0. 

sin  oo  =  F0  cos  0- Q0  sin  0  (6) 

+P0sii 


cos  a0  =#0  cos  0  +P0  sin  0 

Po=f  sin  0 
<2o=(l-P0a)>P 


(7) 


By  an  evident  trigonometric  transformation 

sin  (a-a0)  =  PQ0-PoQ  (8) 
cos  (a-a0)=PP0  +  QQo 
Substituting  the  values  from  equation  (8)  in  equation  (2) 

z  =  (PP0+  QQ0)  2-  (POp-PcC)  (9) 
y=(PQ0-PoQ)  q+(PP.+  QQo-l)d 
Equations  (9)  enable  the  coordinates  of  any  desired  point  on  the 
curve  to  be  obtained,  but  the  form  remains  an  inconvenient  one  for 
the  present  purpose.    If  xu  yx  be  the  coordinates  of  a  given  point  on 
the  curve,  r  may  be  defined  by  the  equation 

.         .  m 

where  r  is  the  radius  of  curvature  of  a  circle  which  cuts  the  axis  of  the 
lathe  at  right  angles  at  the  origin  and  passes  through  the  point  zt,  yi. 
If  the  generated  curve  were  truly  circular  the  value  of  r  would  be 
independent  of  the  particular  point  X\  yi  selected.  As  has  been 
mentioned,  however,  the  generated  curve  is  only  approximately 
circular  and  r  is  a  function  of  xx  y\. 

Substitution  from  equations  (9)  may  be  made  directly  in  equation 
(10).  However,  a  more  convenient  form  is  obtained  by  a  series 
development.    Two  auxiliary  quantities  are  defined  by  the  equations 

P~0  o\„  t 


2  sin  0 

(ID 

n  =  q/d 

From  equations  (1),  (3),  (7),  and  (11)  one  may  write 

P  =  Po+»|^  (12) 

and ;  by  substitution  in  equation  (3),  Q  may  be  expressed  as  an  infinite 
series  and  P0  and  Qq. 

By  making  these  substitutions  for  P  and  Q  in  equations  (9)  and 
substituting  these  values  of  x  and  y  for  xx  and  y%  in  equation  (10),  a 
series  development  for  r  may  be  obtained  of  which  the  first  few  terms 
are  given  in  equation  (13).  * 

".-(H§">*A[-©'"]? 

-a("S-,)[!9"'+2S"t«,*Il  "3> 

The  right-hand  member  is  an  implicit  function  of  0  as  will  be  noted  by 
reference  to  equations  (7)  and  (11).    In  the  applications  which  have 
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been  made  this  series  is  so  rapidly  convergent  that  it  is  necessary  to 

p 

retain  only  the  first  three  terms  and      changes  so  slowly  for  changes 

in  r  that  the  value  of  0  corresponding  to  any  value  of  r  may  be  readily 
obtained.  The  angle  0,  as  indicated  m  Figure  1,  is  considered  posi- 
tive, r  and  p  of  equation  (16),  for  this  case,  are  positive  and  a  convex 
surface  is  produced.  If  the  slope  of  the  line  DE  changes  sign,  0,  r  and 
p  are  negative  and  a  concave  surface  is  produced. 

IV.  DIMENSIONS  AND  PERFORMANCE  CHARACTERISTICS 
OF  LINKAGE  ADOPTED  FOR  CONSTRUCTION 

The  instrument  which  has  been  built  enables  tools  300  mm  in 
diameter  to  be  produced  and  permits  the  turning  of  either  convex  or 
concave  surfaces  with  the  radius  of  curvature  greater  than  500  mm. 
This  range  of  curvatures  is  considered  entirely  satisfactory  as  more 
sharply  curved  surfaces  may  be  readily  and  conveniently  produced 
by  mounting  the  tool  on  the  end  of  a  radius  rod. 

The  constants  which  were  adopted  for  the  instrument  are 

or0  =  45° 

#  =  150V2  mm 

d  =  50  mm 

and  the  maximum  value  of  n  is  3.    Reference  to  Figure  1  indicates 
that 

2>o  =  150cotj8+150  (14) 

From  equation  (7) 

V2  (15) 
cos  (45+0) 

and  equation  (13),  with  the  last  term  omitted,  becomes 

r  =  p-|<f-^tan(45°+0)  +  ^f-^7l^tan8  (45° +0)  (16) 

As  has  been  already  mentioned,  the  surfaces  which  are  generated 
by  this  apparatus  are  approximately  but  not  strictly  spherical.  In 
equation  (16)  this  is  evidenced  by  the  presence  of  n  and  n2  in  the 
right-hand  member.  In  investigating  this  departure  from  sphericity 
several  assumptions  will  be  made  in  order  to  simplify  the  work  without 
any  important  lessening  of  the  accuracy. 

1.  The  last  two  terms  in  equation  (16)  will  be  neglected. 

2.  It  will  be  assumed  that  x  of  the  coordinate  system  indicated  in 

Figure  1  is  equal  to  nd.    Reference  to  the  first  of  equations 
(2)  will  indicate  the  approximation  involved.1 

3.  The  sagitta  of  the  approximately  circular  arc,  KL}  shown  in 

Figure  2  wiU  be  assumed  eq„al  to  |. 

4.  In  the  quantity  (4p  +  3d),  which  will  occur,  it  will  be  assumed 

that  p  can  be  replaced  by  r  +  60. 

1  The  approximation  of  assumption  2  is  applied  successively  to  two  nearly  equal  quantities,  and  only  the 
dlflereni-e  nctweon  these  two  quantities  is  of  importance  in  the  following  discussion.  The  approximation 
b  therefore  much  closer  than  may  at  first  appear.  This  is  also  true  of  the  approximation  of  assumption  3, 
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If  nid  is  the  radius  of  the  tool  to  be  turned,  the  radius  of  curva- 
ture of  the  edge  zone,  as  it  has  been  defined,  will  be  approximately 
given  by  the  equation 

r^p-^d-^n.d  tan  (45°  +  0) 

The  sagitta  of  a  sperical  surface,  having  this  radius  of  curvature,  at 
a  distance  nd  from  the  center,  will  be 

2n*a?  [\    nxd  tan  (45° +  0)1 
4p-3rf[_  4p-3d  J 

and,  similarly,  the  sagitta  of  the  actual  surface,  at  the  same  distance 
from  the  center,  will  be 

2nW  r      nd  tan  (45°  +  0)1 
(4p-3rf)L  4P-3d  J 

The  distance  between  these  two  surfaces,  which  will  be/termed  the 
departure  from  sphericity,  for  the  zone  nd  will  be 

Applying  assumption  4  one  may  write 
Departure  from  sphericity 

-2J0rmrL  iaa    +fi)  <"> 

For  given  values  of  r  and  nu  this  expression  will  assume  a  maximum 
value  when  n=  ~  nx  and,  substituting  this  value 
Maximum  departure  from  sphericity 


8      7l3,  d3 


r2  tan  (45°  +0)  (18) 


27  (4  r+90) 

This  expression  gives  the  maximum  distance,  measured  parallel 
to  the  axis  of  the  tool,  between  the  actual  surface  as  turned  and  a 
spherical  surface  with  a  radius  of  curvature  corresponding  to  the  zone 
of  radius  n\  d  and  is  a  measure  of  the  thickness  of  metal  which  must 
be  removed  to  obtain  a  rigorously  spherical  surface.  For  a  given 
radius  of  curvature  it  is  evident  that  this  departure  varies  as  the 
cube  of  the  diameter  of  the  tool  and  inversely,  approximately  as  the 
square  of  the  radius  of  curvature.  Consequently,  within  the  work- 
ing range  of  the  instrument,  the  greatest  values  of  the  departure 
from  sphericity  will  be  obtained  when  the  diameter  of  the  tool  is  300 
mm  (rii  =  3)  and  when  r  equals  +500  or  —500  mm.  For  r  equals 
+500  (convex  surface)  and  r  equals  —500  (concave  surface),  0 
assumes  the  values  +6.7°  and  -11.4°,  respectively,  and  tangent 
(45° +0)  assumes  the  values  1.27  and  0.55.    This  indicates  that  a 
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concave  surface  generated  by  this  attachment  will,  in  general,  be  more 
nearly  spherical  than  a  convex  surface  although,  as  the  absolute  value 
of  r  increases,  /3  approaches  zero  as  a  limit  and  the  values  of  tan 
(45°  +  /S)  approach  equality  for  the  two  types  of  surfaces.  For  no  =  3 
and  r=  +500  or  -500,  the  maximum  departures  from  sphericity  are 

mm 

For  convex  surface    0.  3 

For  concave  surface    -  _    .  15 

In  considering  these  values  of  the  departure  from  sphericity  it  should 
be  remembered  that  these  are  the  extreme  values  for  the  most  unfavor- 
able conditions  and  that  the  departures  are  very  much  less  for  the 
greater  part  of  the  working  range  of  the  instrument.  For  example, 
for  tools  200  mm  in  diameter  and  r  equals  +1,000  or  — 1,000  mm  the 
departures  from  sphericity  are 


For  convex  surface  0.  02 

For  concave  surface   _    .01 

In  equation  (16)  for  all  values  of  /3  and  p  lying  within  the  range  of 
the  instrument,  the  third  term  of  the  right-hand  member  is  the  term 
which  determines  the  sense  in  which  the  surface  departs  from  true 
sphericity.  This  term  does  not  change  sign,  and,  accordingly,  for  a 
convex  surface,  the  absolute  value  of  the  radius  of  curvature  decreases 
from  the  center  outward  and  for  a  concave  surface  the  change  is  in  the 
opposite  direction.  Consequently  the  marginal  portions  01  a  convex 
surface  and  the  central  portions  of  a  concave  surface  are  the  more 
strongly  curved. 

In  Table  1 ,  the  values  of  ($  corresponding  to  different  values  of  r  are 
tabulated.  These  values  are  determined  for  n=  1.8  and  the  values  of 
0,  as  tabulated,  may  be  used  for  tools  200  mm  or  less  in  diameter. 
For  convex  surfaces  approaching  300  mm  in  diameter  it  is  well  to 
increase  the  desired  value  of  r  by  15  and  to  use  this  new  value  when 
entering  the  table.2  Similarly,  for  a  concave  surface  the  absolute 
value  of  the  desired  r  should  be  decreased  by  10  before  entering  the 
table.  For  values  of  r  greater  than  10,000  mm,  the  value  of  0  can 
be  computed  to  a  satisfactory  approximation  by  the  formula 

75 

tan  (19) 
where  r  and  0  are  positive  for  convex,  negative  for  concave  surfaces. 

*  As  has  been  noted,  Table  1  is  computed  for  n  - 1.8.  For  a  tool  approaching  300  mm  in  diameter  it  is 
desirable  that  the  surface  actually  turned  and  the  desired  spherical  surface  coincide  for  a  zone  further  from 
the  center  than  that  corresponding  to  a— 1.8.  For  a  convex  surface,  this  remit  will  be  attained  if  the  value 
of  r  for  n-1.8 1&  made  15  mm  greater  than  the  nominal  value  desired  for  the  complete  surface.  Similarly, 
for  the  concave  surface,  the  value  of  r  torn- 1.8  is  less  than  the  value  corresponding  to  the  complete  surface. 
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Table  1. — Value*  of    corresponding  to  r 


Convex 

Concave 

r 

surface 

surface 

w 

a 

0 

o 

600 

6.  66 

—11.38 

600 

6.  78 

—9.04 

i\M 

C    1  A 

o.  1U 

—  /.  *P 

800 

4.  56 

— 0.  39 

BOO 

A  11 

4.  13 

— 0.  fl7 

1,000 

3.77 

-4.93 

2,000 

2  01 

-2.30 

3,000 

1.37 

-1.60 

4,000 

1.04 

-1.11 

8,000 

.84 

-.88 

ft.  000 

.70 

-.73 

7,000 

.AO 

-.68 

8,000 

.63 

-.85 

9,000 

.47 

-.48 

10,000 

.42 

-.44 

V.  MECHANICAL  DETAILS  OF  THE  COMPLETED  INSTRU- 
MENT 

The  attachment  has  been  built  in  such  form  that  it  replaces  the 
usual  compound  slide  rest  on  the  lathe.  No  other  alterations  are 
necessary  and  the  lathe  mav  be  used  interchangeably  for  ordinary 
turning  or  the  facing  of  spherical  surfaces.  In  Figure  1  the  con- 
straints have  been  represented  as  pins  against  which  the  sides  of  the 
triangle  bear.  In  the  mechanical  realization  of  this  linkage  the  pins 
are  necessarily  replaced  by  pivoted  slides  of  sufficient  strength  to 
oppose  the  forces  on  the  cutting  tool.  The  detailed  design,  as 
completed  at  the  Bureau  of  Standards,  is  shown  in  Figure  2.  The 
tool,  indicated  at  L,  is  carried  on  a  cross  slide  pivoted  at  A.  The 
pivot  at  A  corresponds  to  the  similarly  lettered  constraint  in  Figure  1 
and  the  line  CD  corresponds  to  the  line  CD  of  the  triangle.  The 
member  which  carries  tne  tool  is  extended  to  the  right  of  the  slide 
and  carries  a  sector  FGB,  pivoted  at  B.  This  sector  is  rotated  about 
B  and  may  be  set  in  any  desired  position  by  means  of  the  worm  which 
is  rotated  by  the  handle  at  /.  The  angular  setting  of  the  sector  can 
be  read  by  an  arc  graduated  in  degrees  and  by  a  graduated  drum  which 
is  mounted  on  the  shaft  of  the  worm.  On  the  lower  surface  of  the 
sector  there  is  a  male  dovetailed  member,  indicated  by  the  dotted 
lines  parallel  to  the  line  DE  of  Figure  1.  This  dovetailed  member 
corresponds  to  the  side  DE  of  the  triangle  of  Figure  1  and  it  can  be 
set  in  the  required  position  for  any  desired  radius  of  curvature  by 
rotating  the  sector.  The  arc,  carried  by  the  sector,  is  graduated  to 
permit  the  value  of  0  to  be  read  directly.  In  Figure  2  the  setting 
illustrated  corresponds  to  /3«0,  CD  and  DE  are  parallel  and  the  in- 
strument will  produce  a  plane  surface.  The  dovetailed  member 
which  has  been  mentioned  slides  in  a  short  dovetailed  slide  pivoted 
in  the  base  at  B.  The  small  section  in  Figure  3  indicates  the  details 
of  this  arrangement.  The  pivots  at  A  and  B>  corresponding  to  the 
constraints  A  and  B,  respectively,  of  Figure  1,  are  carried  by  the 
base  of  the  attachment  and  remain  invariant  in  position  with  respect 
to  each  other.  It  will  be  noted  that  the  pivot  about  which  the  sector 
rotates  is  directly  over  the  pivot  at  B  when  the  main  slide  is  at  right 
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angles  to  the  axis  of  the  lathe  and  the  point  of  the  tool  is  on  the  axis 
of  the  lathe.  Consequently,  when  in  this  position,  the  sector  can 
be  rotated  through  any  desired  angle  without  causing  any  rotation 
of  the  line  DC  about  A. 

As  has  been  mentioned,  this  attachment  is  mounted  on  the  carriage 
of  the  lathe  in  place  of  the  compound  slide  rest.  Reference  to  a  table, 
such  as  Table  1,  gives  the  required  value  of  0  for  the  desired  radius 


L 


Figure  2. — Mechanical  realization  of  linkage 


and  the  setting  is  made  by  turning  the  handle  /,  after  which  the 
sector  is  clamped  in  position  bv  the  nut  at  K.  The  cut  is  then  made 
in  the  uaual  manner  by  turning  the  handle  at  /.  To  advance  the 
tool  for  a  second  cut,  the  entire  attachment  is  advanced  toward  the 
work  by  traversing  the  carriage  along  the  bed  of  the  lathe.  The 
operation  of  facing  a  spherical  surface  with  this  attachment  is  quite 
as  simple  as  facing  a  plane  surface  with  a  compound  slide  rest  except 
that  no  automatic  cross-feed  is  provided.  This  could  be  easily  added 
if  it  were  considered  essential. 
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One  of  these  attachments  has  been  built  by  the  Mann  Instrument 
Company,  Cambridge,  Mass.  Although  the  details  of  the  design 
shown  in  Figure  2  have  been  modified  to  correspond  to  their  practice 
in  instrument  design,  the  fundamental  dimensions  and  elements  of 
design  were  retained  unaltered  Figures  3  and  4  give  two  views  of  the 
completed  attachment  mounted  on  a  lathe  in  position  for  operation. 
In  tne  two  views  the  different  details  of  construction  to  which  refer- 
ence has  been  made  are  clearly  recognizable.  The  attachment  has 
proved  quite  satisfactory  for  the  production  of  surfaces  for  lens,  tools, 
and  similar  purposes. 

Washington,  June  2,  1932. 
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WAVE  LENGTHS  AND  ZEEMAN  EFFECTS  IN  LANTHANUM 

SPECTRA 

By  William  F.  Meggers 


ABSTRACT 

The  wave  lengths  corresponding  to  more  than  1,600  linos  photographed  in  the 
arc  and  spark  spectra  of  lanthanum  were  measured  relative  to  standards  in  the 
iron  spectrum.  The  values  extend  from  2,142.81  A  in  the  ultra-violet  to  10,954.6 
A  in  the  infra-red.  Data  on  the  furnace  spectra  of  695  lanthanum  lines  studied 
by  King  and  Carter  in  the  interval  2,793  to  8,346  A  are  quoted.  Measurements  of 
Zeeman  effects  for  476  lines  ranging  in  wave  length  from  2,791  to  7,483  A  are  also 

Presented.  Comparison  of  relative  intensities  and  other  characteristics  of  lines 
i  the  different  sources  permitted  a  sharp  discrimination  between  three  classes  of 
lines;  about  700  are  ascribed  to  neutral  atoms  (constituting  the  La  I  spectrum), 
800  originate  with  singly  ionised  atoms  (La  ii  spectrum),  and  10  belong  to  doubly 
ionized  atoms  (La  in  spectrum).  These  data  form  a  complete  and  accurate 
description  of  atomic  lanthanum  spectra,  suitable  for  chemical  ^identification 
and  for  analysis  of  the  spectral  structures.  A  new  infra-red  sequence  of  La  0 
bands  is  appended. 
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I.  INTRODUCTION 

Lanthanum  (La  =»  138.90;  Z=»57)  is  the  third  element  in  the  sixth 
period  of  the  periodic  classification,  and  is  analogous  to  scandium  and 
yttrium  which  appear  in  similar  positions  in  the  fourth  and  fifth 
periods.  The  emission  spectra  of  scandium  1  and  yttrium  *  have  been 
described  with  satisfactory  thoroughness  and  precision,  but  lantha- 
num data  of  the  same  quality  have  been  lacking  up  to  the  present. 

Attempts  to  analyze  the  structures  of  lanthanum  spectra,3  when 
based  upon  the  published  wave  lengths  and  Zeeman  effects,  were 
only  partially  successful  and  it  was  evident  that  more  extensive  and 
accurate  descriptive  material  was  required  before  the  structural 
analyses  could  be  completed.  Such  data  are  now  presented  in  this 
paper;  they  comprise  wave-length  measurements  from  2,100  to  11,000 
A,  estimated  relative  intensities  for  1,535  lines,  and  Zeeman  effect 
observations  for  476  lines  in  the  interval  2,800  to  7,500  A. 

>  W.  F.  Meggers,  B.  S.  Bd.  Paper  No.  640,  TOl.  22.  p.  61, 1927. 

>  W.  F.  Meggers,  B.  S.  Jour.  Research,  vol.  1  (RP12).  p.  319.  1028. 

•  W.  F.  Meggers,  La  I,  J.  Wash.  Acad.  Sol.,  toI.  17,  p.  25,  1927.  W.  F.  Meggers,  La  n,  J.  Opt.  8oc.  Am., 
vol.  14,  p.  101, 1027. 
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Analysis  of  the  structures  of  lanthanum  spectra  and  details  con- 
cerning the  hyperfine  structure  of  lanthanum  lines  will  be  given  in 
other  papers. 

The  only  remaining  spectra  of  this  type  are  those  associated  with 
actinium,  the  optical  spectra  of  which  nave  never  been  investigated. 

II.  EXPERIMENTAL 

1.  WAVE  LENGTHS 

The  lanthanum  salts  used  in  this  investigation  consisted  of  LaCl3 
purified  by  Auer  v.  Welsbach,  pure  LaOs  kindly  supplied  by  Prof. 
d.  S.  Hopkins  of  the  University  of  Illinois,  and  commercial  LaCl2 
purchased  from  Eimer  and  Amend.  The  latter  material  contained 
a  considerable  amount  of  cerium,  and  its  use  was  confined  mainly 
to  the  observation  of  Zeeman  effects. 

Arc  spectrograms  were  made  with  electric  arcs  between  electrodes 
of  graphite,  silver,  or  copper,  a  small  portion  of  lanthanum  salt  being 
placed  on  the  lower  electrode  before  striking  the  arc.  The  arc  was 
fed  by  5  to  6  amperes  direct  current  from  a  circuit  with  220  volts 
potential  difference.  Some  of  the  spark  spectrograms  were  made 
with  the  same  metal  electrodes  which  had  been  used  previously  for 
arc  spectra,  the  salt  fused  on  the  rods  in  the  arc  sufficed  to  give  well- 
developed  spark  spectra.  Additional  spark  spectrograms  were  ob- 
tained with  graphite  electrodes  upon  which  a  solution  of  LaCla  was 
allowed  to  drip  during  the  exposure.  For  excitation  of  spark  spectra 
a  40,000-volt  transformer  consuming  about  a  kilowatt  was  used,  with 
condensers  of  0.006Hjuf  capacity  in  parallel  with  the  spark  in  the 
secondary  circuit.  Comparison  arc  and  spark  spectra  of  graphite, 
silver,  and  copper  were  photographed  adjacent  to  those  of  the  elec- 
trodes plus  lanthanum  salt  so  that  lines  due  to  the  electrodes  or  to 
atmospheric  gases  could  be  recognized  and  avoided  during  measure- 
ment. Finally,  the  arc  spectrum  of  iron  was  recorded  alongside  each 
lanthanum  spectrogram  to  supply  the  scale  of  standard  wave  lengths 
from  which  the  values  for  lanthanum  lines  were  derived. 

The  wave-length  interval  from  2,500  A  in  the  ultra-violet  to  11,000 
A  in  the  infra-red  was  investigated  with  concave  gratings,  while  the 
shorter  wave  portion  to  2,000  A  was  photographed  with  a  auartz  spec- 
trograph. Since  these  spectrographs  have  already  been  described  in 
connection  with  their  use  in  the  study  of  yttrium  spectra 4  further 
details  concerning  them  can  be  dispensed  with  here. 

Most  of  the  spectrograms  were  made  on  photographic  plates  of 
thin  glass  coated  with  Eastman  33  emulsion,  the  plates  being  sen- 
sitized with  pinaverdol,  pinacyanol,  dicyanin,  and  neocyanin  to  photo- 
graph the  longer  wave  portions.  The  longest  wave  length  photo- 
graphed in  lanthanum  spectra  with  neocyanin-stained  plates  was 
9,737  A,  but  the  infra-red  limit  was  easily  extended  to  10,955  A  during 
the  past  winter  by  employing  Eastman  "Q"  type  plates  sensitized 
with  xenocyanine. 

2.  ZEEMAN  EFFECTS 

Spectrograms  for  the  study  of  lanthanum  lines  in  a  magnetic  field 
were  made  with  one  of  the  stigmatic  concave-grating  spectographs 

*  W.  F.  Meggers,  B.S.  Jour.  Research,  vol.  1  (RP12),  p.  320,  1928. 
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referred  to  above.  The  spectral  range  investigated  extended  from 
2,500  A  to  8,000  A,  the  first  half  of  which  was  photographed  in  the 
second-order  spectrum  with  a  scale  of  1.8  A  per  millimeter  and  the 
remainder  in  the  first  order.  Photographic  plates  and  procedure 
were  the  same  as  for  wave-length  measurements  described  above. 
The  exposures  ranged  from  30  minutes  in  the  violet  to  5  hours  in 
the  red,  the  source  being  a  spark  between  graphite  electrodes  upon 
which  LaCl2  solution  was  allowed  to  drip  from  a  burette  during  the 
exposure. 

The  magnetic  resolution  was  obtained  with  a  water-cooled  Weiss 
electromagnet  operated  with  a  speed-regulated  motor-generator  set 
supplying  150  amperes  at  98  volts  to  the  magnet  windings.  With  a 
pole  gap  of  6  mm,  the  field  strength  was  about  33,000  gausses.  The 
actual  field  strength  obtaining  for  each  exposure  was  derived  from  the 
measured  resolutions  of  standard  lines.  The  following  lines  served 
as  field  standards: 


Element 

Wav«  length 



Ca  

3, 833. 670 

(1)  3.5 
3 

3,  WW.  475 

(2)  4 
3 

Al 

• 

3,944.025 
3.981.637 

(2)  4 

3 

(1)  3.5 
3 

• 

Zn  ... 

4,(580.140 
4,722.163 
4.810.634 

(0)  4 
I 

(1)  3.4 

2 

(0.  1)  2.  a.  4 
2 

i 

Na.._  

5, 6S9. 965 

(I)  3.5 
3 

(2)  4 
3 

K..-  

7,064.94 

(1)3.5 

3 

• 

7.099.01 

(2}  4 

3 

; 


The  Ca,  Na,  and  K  lines  arose  naturally  from  impurities  in  the  La 
Cl2  solution,  and  to  these  a  2-minute  exposure  of  Al  or  Zn  was  added 
at  the  end  of  the  La  exposure.  Thus  either  four  or  five  lines  were 
always  present  to  reveal  the  intensity  of  the  magnetic  field  and  the 
average  probable  error  of  such  a  determination  was  about  one-fourth 
per  cent. 

In  making  the  Zeeman-effect  spectrograms  light  from  the  source 
was  projected  onto  the  slit  of  the  spectrograph  by  means  of  a  fused 
quartz  lens  after  passing  through  a  quartz  Wollaston  prism.  A 
double  image  was  thus  obtained  which  gave  a  complete  separation  of 
light  polarized  parallel  and  perpendicular  to  the  lines  of  force,  thus 
permitting  the  two  polarizations  to  be  photographed  simultaneously 
without  overlap. 

127984—32  9 
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III.  RESULTS 

Limited  portions  of  the  arc  and  spark  spectra  of  La  have  already 
been  described  by  different  observers.  The  early  observations  up 
to  1910  are  quoted  by  Kayser6;  the  only  ones  worth  mentioning  here 
are  measurements  in  arc  spectra  by  Rowland  and  Harrison  (3,104.702 
to  5,930.330  A),  and  by  Wolff  (2,610.428  to  5,762.040  A).6 

A  list  of  arc  lines  (2,610.43  to  6,774.52  A)  and  another  of  spark  lines 
(2,216.20  to  6,643.10  A)  was  published  by  Exner  and  Haschek.7 
The  arc  spectrum  of  La  was  investigated  in  the  region  of  longer  wave 
lengths  (5,501.349  to  9,078.99  A)  by  Kiess,8  and  in  the  ultra-violet 
(2,200  to  3,100  A)  by  Pina  de  Rubies.9 

The  above-mentioned  descriptions  refer  mainly  to  arc  spectra,  they 
contain  little  or  no  information  as  to  which  lines  belong  to  ionized 
atoms,  and  they  cover  their  respective  intervals  with  different  scales 
of  wave  lengths  and  of  intensities. 

Altogether,  their  inadequacy  as  standard  descriptions  of  the  suc- 
cessive spectra  characteristic  of  La  atoms  justifies  the  preparation 
and  publication  of  the  following  results,  appearing  in  Table  1.  No 
mention  is  made  in  any  of  the  earlier  descriptions  of  La  spectra  of 
hyperfine  structure;  it  was  first  noted  by  King  10  and  studied  by 
Meggers  and  Burns.11  It  now  appears  that  a  considerable  number  of 
the  La  lines  are  complex.  (Indicated  in  Table  1  by  the  letter  "c" 
following  the  wave  length.)  Since  hyperfine  structure  of  La  lines  has 
no  particular  importance  in  a  general  description,  and  is  furthermore 
the  subject  of  a  special  investigation,  no  further  discussion  of  it  will 
be  made  here:  the  results  in  Table  1,  either  for  wave-length  values  or 
for  Zeeman  effects,  apply  to  the  center  of  gravity  of  a  line  whether  it 
is  narrow  or  appears  widened  due  to  partialresolution  of  the  hyperfine 
components. 

The  probable  errors  of  wave-length  measurements  reported  in  Table 
1  are  usually  less  than  0.01  A  for  the  stronger  lines  between  3,100  and 
6,000,  but  the  errors  for  the  remaining  lines  are  somewhat  larger  since 
they  were  measured  for  the  most  part  with  smaller  dispersion.  Many 
lines  appearing  enhanced  or  only  on  the  spark  spectrograms  are  hazy 
and  unsymmetrical;  such  lines  are  not  susceptible  of  precise  measure- 
ment and  may  be  in  error  by  several  hundredths  of  an  angstrom  unit. 

Any  attempt  to  describe  the  atomic  spectra  of  La  must  contend 
with  the  nuisance  of  bands  due  to  molecular  compounds.  In  an 
investigation  of  the  band  spectra  of  LaO,  Meggers  and  Wheeler  12 
measured  more  than  300  band  heads  in  the  ordinary  arc  spectrum 
and  classified  the  bands  in  possibly  nine  systems.  The  bands  appear 
with  considerable  intensity  throughout  almost  the  entire  range  from 
4,300  to  9,800  A,  causing  difficulty  and  uncertainty  in  the  detection 


»  EL  Kayser,  Handbuch  der  Spectroscope,  vol.  5,  p.  655,  S.  Hireel,  Leimkr,  1910. 

•  A.  Rowland  and  C.  N.  Harrison,  Astrophys.  J.,  vol.  7,  p.  373,  1*98;  E.  Wolff,  Zeitschr.  f.wb.  Phot., 
vol.  3,  p.  395,  1905. 

'  F.  Finer  and  E.  Haschek.  Die  Spektren  der  Elernente  bel  Nonnalcm  Druck,  vol.  2,  p.  114, 1911;  vol.  3, 
p.  105;  1912.   F.  Deutioke,  Wien. 
»  C.  C.  Kiess,  B.  S.  Sci.  Paper  No.  421,  vol.  17,  p.  318,  1921. 

•  S.  Plftn  de  Rtihfes.  Analea  Soe.  Eso.  Fls.  Quim..  vol.  23,  p.  444,  1923. 
w  A.  8.  King  and  E.  Carter,  Astrophys.  J.,  vol.  85,  p.  88,  1927. 

»  W.  F.  Meggers  and  K.  Burns.  J.  Opt.  8oc.  Am.,  vol.  14.  p.  449.  1927. 

»  W.  F.  Meggers  and  J.  A.  Wheeler,  B.  S.  Jour.  Research,  vol.  8  (RP273),  p.  239,  1931. 
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of  the  weaker  atomic  lines.  Since  the  data  for  LaO  band  heads  (3,565 
to  9,150  A)  have  already  been  published,  they  will  be  omitted  here, 
and  no  reference  to  bands  will  be  found  in  Table  1  except  when  coin- 
cident or  unresolved  from  lines  belonging  to  the  atomic  spectra. 
Observations  of  the  arc  spectrum  of  La  in  the  infra-red  with  xeno- 
cy anine  plates  revoaled  another  long  sequence  of  band  heads  extending 
from  9,111  to  9,729  A.  These  constitute  the  0-2  sequence  of  System 
VII,  and  are  presented  here  as  Table  2. 

The  only  published  Zeeman  effects  of  lanthanum  lines  are  those 
observed  by  Rybar13  in  1911;  they  extend  over  the  range  2,791  A  to 
5,188  A  and  include  about  215  lines.  These  observations  are  fairly 
satisfactory,  and  it  was  at  first  my  intention  only  to  supplement 
them  with  data  for  the  longer  waves.  However,  a  trial  exposure  in 
the  ultra-violet  indicated  that  Rybar's  results  might  be  improved 
and  extended  by  reobservation,  and  the  desirability  of  having  the 
magnetic  resolutions  of  La  lines  strictly  comparable  over  a  wide  range 
of  spectrum  finally  persuaded  me  to  extend  measurements  to  the  same 
ultra- violet  limit.  In  column  5  of  Table  1,  the  observed  Zeeman 
effects  are  given  for  460  La  lines  ranging  in  wave  length  from  2,798  A  to 
7,483  A.  A  few  lines  observed  bv  Rybar,  but  not  measurable  on 
my  spectrograms,  are  quoted  ancf  followed  by  the  letter  R.  The 
patterns  are  presented  in  the  standard  notation  for  Zeeman  effects; 
that  is,  the  separations  are  expressed  in  decimal  parts  of  a,  the  separa- 
tion of  a  normal  triplet,  components  polarized  parallel  to  the  magnetic 
field  being  inclosed  in  parentheses  followed  by  the  perpendicular 
components.  In  resolved  complex  patterns  the  strongest  components 
are  printed  in  bold-face  type.  For  unresolved  patterns  a  conscious 
effort  was  made  to  measure  the  strongest  components  when  the  type 
could  be  easily  recognized  and  a  symbol  added  to  indicate  the  inten- 
sity distribution  among  the  fused  components.  For  this  purpose, 
the  notation  used  by  Back14  for  distinguishing  various  types  of 
intensity  gradients  was  employed.  The  letters  A  or  B  after  a  Zeeman 
effect  mean  that  the  pattern  is  complex  but  unresolved,  and  A  indi- 
cates that  the  maximum  intensity  for  perpendicular  components  is 
at  the  edge  of  a  group,  while  B  signifies  that  it  is  in  the  miadle.  The 
distinction  between  strongest  component  inside  or  outside  of  the 
group  is  shown  by  A1  ana  A*,  respectively.  The  interpretation  of 
these  Zeeman  effects  will  be  given  m  another  paper  dealing  with  the 
spectral  series  classification  of  La  lines. 

An  important  contribution  to  the  description  of  the  atomic  spectra 
of  La  is  found  in  the  temperature  classification  of  La  lines  by  King 
and  Carter.15  From  an  examination  of  the  furnace,  arc,  ana  spark 
spectra  in  the  interval  2,800  A  to  8,400  A  data  were  obtained  for  a 
classification  of  695  La  lines  according  to  the  temperature  required  for 
initial  appearance  and  the  rate  of  change  of  line  intensity  as  the 
temperature  is  increased.  These  lines  were  divided  into  five  classes, 
lines  in  Classes  I  and  II  appear  at  low  temperature  (2,000°  C),  but 
those  of  Class  I  show  a  slower  change  from  low  to  high  temperature 


»  8.  Rybar,  Math,  es  Ptays.  Lapok,  vols.  20-21,  p.  198,  1011-12;  Pbys.  Zeittcbr.  vol.  12,  p.  880.  1911,  a 
partial  list. 

>«  E.  Back,  Zeitschr.  f.  Pbys.,  vol.  15,  p.  212.  1923. 

>»  A.  8.  King  and  E.  Carter,  Astropbys.  J.  65,  p.  86;  1927. 
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than  those  of  Class  II,  and  as  a  rule  are  less  conspicuous  in  the  arc. 
Lines  of  Class  III  are  usually  well  developed  at  medium  temperature 
(2,200°  to  2,300°  C),  while  lines  clearly  associated  with  high  tem- 
peratures (2,600°  to  2,800°  C.)  are  placed  in  Classes  IV  and  V, 
those  of  Class  V  being  absent  or  very  faint  in  the  furnace  spectrum. 
A  large  number  (230)  of  the  lines  thus  classified  are  enhanced  in  the 
spark  and  more  than  half  of  these  appear  in  the  furnace.  This 
indicates  that  La  atoms  are  ionized  with  relative  ease,  which  accounts 
for  the  great  prominence  of  spark  lines  in  the  ordinary  arc.  In  fact, 
a  majonty  of  the  La  atoms  appear  to  be  ionized  in  the  220-volt  arc, 
and  there  can  be  no  doubt  that  the  best  method  of  developing  the 
spectrum  of  neutral  atoms  is  by  means  of  a  temperature-controlled 
vacuum  furnace  which  restricts  ionization  and  also  eliminates  con- 
fusion with  molecular  spectra.  A  few  lines  not  detected  on  my 
spectrograms  were  measured  on  furnace  spectrograms  by  Professor 
Russell;  they  are  marked  H.  N.  R.  in  Table  1. 

In  the  last  column  of  Table  1  an  attempt  is  made  to  assign  each 
observed  wave  length  to  its  proper  atomic  origin.  This  separation 
of  lines  into  La  i,  La  n,  La  in  spectra  is  based  primarily  upon  the 
relative  intensities  and  other  characteristics  appearing  in  column  2. 
It  is  supported  by  the  temperature  classification  and  further  descrip- 
tion in  column  3  and  by  Zeeman  effects  (column  5)  describing  combi- 
nations of  spectral  terms  having  even  multiplicity  for  La  i  and  La  in 
lines,  but  odd  multiplicity  for  La  n  lines.  In  the  infra-red  where  data 
on  spark  intensities,  temperature  classes,  and  Zeeman  effects  are 
lacking,  the  lines  are  assumed  to  belong  to  the  La  i  spectrum  unless 
they  are  accounted  for  as  combinations  of  the  La  n  spectral  terms. 
The  significance  of  the  symbols  and  abbreviations  usod  in  Table  1  is 
summarized  as  follows: 

h=hasy  (n  for  King  and  Carter). 
1= shaded  to  long  wave  lengths. 
M  =  molecular  spectrum,  La  O  band  head. 

popart  of  band  structure. 

d= double. 

c= complex. 

E= enhanced  line. 

A = stronger  in  furnace  than  in  arc. 
A1 = strongest  s-oomponents  of  Zeeman  effect  inside. 
A'= strongest  ^-components  of  Zeeman  effect  outside. 

B= strongest  s-components  of  Zeoman  effect  in  center. 

w  «=  wide. 
W=very  wide, 
u  s = u  nsy  m  metri  cal . 
ur= unresolved. 

R= Zeeman  effect  by  Rybar. 
H.  N.  R.=wave  length  by  Henry  Norris  Russell. 

e-=  appearing  only  at  negative  electrode. 
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Table  1. — Wave  lengths  and  Zeeman  effect*  in  lanthanum  spectra 


X  fairl 
I  A 

Intensity 
arc  spark 

B.  8. 

A  to  IntAnxitv 
fin.fl  ti»TTi  f  M*rn- 

tWJM    Hull  ^/tl  O 

tnrc  clfiss 
K  and  C 

^  \»C4V*| 

Zeeman  ©fleet 

1 

tnixn 

1 A   AE  J  At 

10,954.6 

3 

9,  126.  09 

TT 

II 

10,  vox.  u 

1 

9,  1  j«>.  Jn 

Irt     '•-ill  iliS 

10.  738. 85 

5 

y,  :;08. 73 

I 

10.  R12.  '0 

t  A 

10 

9,  420. 21 

10,532.41 

0 

9.473.91 

I 

10,  09 

10 

9, 501. 21 

J 

10,483.0 

36. 6 

* 

£1  4LA 

PI.  w 

15 

60.  07 

KA  CO 

20 

CO  Al 

66. 01 

23.4 

1 

9,591.2 

{ 

10.  409. 35 

3 

9,  603.  93 

J 

10, 372.  4 

1 

3*.  4 

57.  iO 

AA 

20 

52. 01 

• 

49.  08 

40 

mr\  Ab 

60.05 

37.20 

3 

71.15 

j 

aa  in 

2 

75.64 

',0.  ,1 

1 

^■r  At 

J 

in  no  1 

1 0.  3 )  (4.  J 

9,689. 0 

J 

1  A  /w\j 

10,  /y-l.  '> 

101 

/v            a  AA 

9,  71 1. 09 

J 

85.64 

3 

21.52 

81. 34 

1  A 

10 

23.  69 

J 

78.52 

3 

26.  37 

J 

74.85 

1  A 

10 

29. 84 

J 

34. 78 

2 

67. 93 

23.76 

1 

78.46 

j 

10. 83 

3 

t>0  no 

82.  22 

J 

10.  200. 86 

2 

9,  791. 78 

10, 188. 5 

2 

9, 814. 2 

WW 

II 

84. 60 

AA 

20 

16. 08 

77.74 

6h 

22.67 

{ 

54. 74 

40 

A  A  fiA 

44.  92 

J 

43. 38 

2 

55.  95 

J 

41.  20 

10 

58.  Ok 

J 

30. 82 

5 

68. 17 

10,111.9 

2h 

9, 886.  6 

I 

10,  093.  54 

1 

9,  904.  62 

II 

83.  9f> 

2 

14. 03 

J 

6ft.  77 

6 

30.  95 

J 

58.  79 

2 

34. 84 

54.82 

2 

42  76 

I 

Art    *V  A 

29.  74 

2 

67. 62 

J 

14. 45 

4 

82. 84 

| 

10, 005. 73 

50 

9,  991.  54 

9,  9S8. 47 

10 

10,008.80 

81.24 

6 

016.05 

j 

80. 38 

■  A 

10 

Al  4t  A1 

016. 91 

» 

65. 70 

3 

031.67 

* 

32. 72 

V 

064. 98 

J 

20. 82 

150 

077. 06 

9,911.08 

3 

086.95 

j 

9,  &93.  «2 

4 

104. 55 

w~w 

II 

81. 24 

100 

HA    A  A 

117. 42 

■ 

62. 60 

3 

136. 54 

> 

I 

52. 58 

6 

146. 85 

48.70 

4 

150.84 

I 

42  0 

2 

157.8 

33.30 

3a 

166. 74 

05.2 

lA 

195.9 

9.  804.  20 

2 

196,92 

9,775.09 

8 

227.28 

72.24 

20 

230.26 

58,82 

3A 

233.85 

37.09 

100 

267.20 

13. 52 

3 

292.11 

9.709.45 

10 

10,296.42 
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Table  1. — Wave  lengths  and  Zeetnan  effects  in  lanthanum  tpectra — Continued 


X(alr) 
I.  A. 

T  ntcncif  v 
lUVCUali  jr 

B.  S. 

Arc  intensity 
and  tempera- 
ture class 
KandC 

r  (vac.) 
cm-' 

Spec- 
trum 

9,706.48 

20 

10, 299. 57 

j 

0.  699.  64 

20 

300.84 

I 

96.  7 

1 

310.0 

02.  fi 

2 

314.3 

{ 

72.94 

3 

335.29 

II 

72.04 

8 

336.25 

67.00 

20 

352  35 

II 

46.47 

3 

363. 65 

40.81 

30 

369.73 

1 

33.72 

40 

377.36 

1 

9, 631. 84 

2 

379.38 

■ 

1 

9, 670  38 

5 

446.04 

I 

63.60 

4 

463.45 

II 

60.69 

10 

466.63 

42.06 

60 

477.06 

1 

41.23 

20 

477.96 

} 

9.  528.  0 

1A 

492  5 

9.486. 15 

15 

539.91 

j 

84.2 

1 

541.0 

I 

76.98 

3 

548.99 

I 

74.46 

5 

551.81 

j 

67.25 

2 

659.84 

1 

61. 82 

80 

565.  89 

r 

57. 02 

2 

570.  69 

T 

41.7 

1 

668.4 

I 

38.30 
15.64 

100 
3 

592.23 
617.71 

j 

T 

9.412.  05 

100 

621.08 

J 

9,  398  2 

1 

637.4 

J 

90.56 

4 

646.07 

I 

77.71 

3 

660.66 

j 

76. 10 

3 

66Z49 

T 

72  57 

30 

661.51 

J 

46.69 

15 

096.04 

H 

28.87 

2 

716.47 

24.5 

1 

721.5 

J 

9,312.9 

lb 

724.5 

T 

9,293.3 

2h 

757.5 

87.5 

lh 

764.2 

T 

60.42 

3 

796.09 

II 

64.70 

10 

802.36 

j 

60.06 

20 

807.78 

| 

26.63 

30 

,  835.22 

| 

9,219.  54 

10 

843.44 

T 

9, 172  88 

5 

898.71 

I 

7239 

10 

899.30 

J 

57. 13 

10 

917.46 

T 

51.62 

6 

924.03 

T 

46.75 

0 

929.85 

II 

43.78 

6 

933.40 

42.24 

6 

935.24 

j 

27.  5 

I 

9529 

II 

19. 18 

20 

962. 89 

09.25 

2 

974.84 

I 

9, 101. 10 

2 

984,67 

11 

9,096.71 

3 

10,989.97 

II 

79. 10 

50 

11,011.29 

68.63 

2 

036. 17 

66.63 

5 

03&73 

46.97 

2 

050.39 

26.06 

4 

077.23 

18.80 

2 

087.37 

II 

9.00H.26 

6 

097.88 

8.  977.  39 

2 

136.04 

8.970.07 

3 

11,146.13 
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Tablk  1. — Wave  lengths  and  Zeeman  effect*  in  lanthanum  spectra—  Continued 


A  (air) 

1.  A. 

Intensity 
arc  spark 

B.  F 

Arc  intensity 
and  tempera- 
ture cltiss 
K  and  C 

» (vac.) 
cm-* 

• 

Z«eman  effect 

bpeo 
trurn 

8.  965.41 

2 

11. 150.92 

1 

63,  63 

10 

163. 13 

I 

37. 74 

50 

180.47 

I 

48.89 

2 

171.50 

47  U5 

i 

A 

172.68 

J 

8.917.70 

lb 

210.58 

• 

I 

H,  891.  08 

1 

244.17 

I 

84.24 

2 

252.80 

79.  56 

3 

258.73 

I 

75.08 

2 

71.00 

4 

2159.60 

I 

87.35 

3 

274.24 

I 

39.64 

20 

30<*.  57 

I 

25.80 

50 

327.23 

I 

21  66 

lh 

18.96 

20 

336. 10 

I 

8.810.37 

3 

346.89 

II 

8,797.8 

2h 

363.6 

81.98 

2 

383.83 

11 

72.02 

1 

* 

07.92 

4 

• 

402,07 

I 

(50.4 

1 

411.9 

I 

48.42 

50 

427.50  ■ 

I 

24. 12 

1 

469.33 

20. 42 

20 

464  10 

j 

8,  703. 13 

6 

486.97 

I 

8,  674.  40 

60 

525. 01 

I 

72. 10 

30 

528.07 

I 

50.82 

2 

656.43 

II 

24. 22 

542  07 

8.821.55 

2 

595.66 

I 

8. 59a  97 

6 

636.94 

1 

58.9 

1 

680.5 

I 

45.44 

50 

698.94 

43. 46 

20 

701  65 

29.68 

3 

720.55 

I 

14.05 

3 

741.24 

II 

13.55 

16 

- 

742  76 

8, 507. 37 

10 

751.29 

8  4M  01 

2 

783  65 

76.48 

30 

794. 12 

T 

67.62 

16 

806.45 

I 

3.440.06 

3 

845. 01 

I 

8,379.  80 

20 

930. 18 

58. 50 

2b 

V00.  59 

[ 

46.60 

100 

12  III 

977.64 

34. 44 

3 

11.995. 11 

1 

24. 72 

100 

15  III 

12,009. 12 

,  ■ 

1 

24.59 

U.  X.  R. 

1  III  A 

009.30 

23.35 

1 

01 1  10 

I 

ii 
•  i 

16.05 

10 

2  IV  A 

021.64 

I 

8.  302.  82 

4 

040.  80 

I 

8,  247.  46 

60 

10  III 

121.62 

37.90 

3 

135.68 

11.65 

2 

174. 48 

\ 

8.203.38 

3 

186. 75 

8,159.05 

10  M(?) 

15  III 

262  06 

i  no 

h,  0H6. 10 

20  +  M4 

3 

363.50 

84  53 

► 

365.92 

69.5 

3b  3h 

404.3 

ii 

61.38c 

10  2 

10  III 

416  82 

8.001.91 

4  1 

4  III  A 

493.58 

7,  at, 

5  2 

6  III 

551.70 

48.30 

11.  N.  R. 

10  III 

577.85 

i+.\/ 

7.93L  18 

1  - 

12.605.00 
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Tablb  1. — Wave  Ungths  and  Zeeman  effects  in  lanthanum  spectra— Continued 


X  (air) 

I.  A. 

Intensity 
arc  spark 

B.  S. 

Arc  intensity 
and  tempera- 
ture class 
K  and  C 

p  (vac.) 

Zeeman  effect 

Spec- 
trum 

7, 927.83 
7,  SSI.  66 
79.93 
64.98 
41.76 

1  2 

1  2 

2  4 
1  — 

3  1 

2  III  A 

12,610.33 
60$.  08 
686.98 
711. 10 
748. 74 

II 
II 

u 

7.838.83 
7. 740. 54 
7. 737. 74 
7.  664.38 
7.612.94 

1  1 
(?)  2h 
in  (?) 
4  2 
3  3 

?  Ill 

753.50 
915. 45 
12,920.12 
13,043.78 
131.92 

II 
II 

7, 539.  24 
33.64 
7. 601. 78 
7.498.82 
89. 15 

10  3 

2  (?) 

1  (?) 

2  2 

(?)  1 

15  II 
5  III  A 

260.29 
270. 14 
328.60 
331.76 
348.98 

I+M 
II 

83.48c 
7. 463. 08c 
7.382.73 
79.71 
45.36c 

15  30 
6  2 
6  2 

25  7 

20  IV  E 
10  III 
5  III  A 
10  III  A 
20  III  A 

359. 10 
395,61 
641.40 
MO.  94 
610.30 

(0.00)  1.12 
(0.42)  1.18 

II 
I+M 

44.42 
40.08 
34.18c 
20.90 
7, 308. 46 

H.N.  B. 
—  2 
60  10 
2  1 
2b  (?) 

2  III  A 
60  II 

612.03 
620.08 
631.04 
055.77 
679.01 

(0.00  w)  1.30  W 

II 
I+M 

7,297.09 
85.88 
82.36 
70.30 
70.07 

—  2 
1  (?) 
100  150 
II.  N.  R. 
II.  N.  K. 

100  III  E 
5  II  A 
10  III 

698.63 
721.60 
728  03 
760.81 
751.24 

(0.00  w)  1.26 

n 
II 

66. 13 
63.68 
62  83 
50.38 
19.92 

2  5 
2  (?) 
2  (?) 
1  — 
15  2 

15  II  A 

758.70 
763.34 
764.95 
788.69 
846.76 

II 

17. 16 
7. 213. 65 
7. 161.25 
68.  lie 
61.92 

2  (?) 
1  2 
40  10 

30  10 

H.  N.  R. 

60  III 
60  II  A 
1  III  A 

852.06 
868.22 
960.20 
066,32 
078.42 

(0.00)  0.91 
(0.00)  1.27 

II 

49.76 
18.6 
16.8 
7. 104.  7 
7,098.18 

2  1 

(?)  2 
(?)  3 
(?)  3h 
2  (?) 

2  III 

13.  982.63 
14,043.8 
047.4 
071.3 
084  24 

11 
II 
II 

C2.40 

79. 74 
70.36 
68.37 
66.24c 

IT.  N.  R 
—  4 
3  2 
60  10 

200  300 

2  I  A 

3  III 
100  II 
400  III  E 

005.72 
120.92 
127.67 
143.64 
147.90 

(0.69)  (?) 
(0.00)  0.70 

II 
II 

62.4 
45  96c 

32. 07 
23.67c 
7,013. 15 

lb  (?) 
200  30 
25  5 
150  20 

2  1 

300  II 
15  III 
150  III 

165.6 

188.62 

216.65 

233.66 

265.00 

(•.tl.0.65)  1.04,  1.41 
(0.60)  1.27 
(0.00)  1.16 

l+M 

6,978.00 
76.  87 
68.78 
68. 11 
64.54C 

2  1 
2  1 
2  25 
30  100 
20  20 

3  III 
tr  V  E 
20  IV  E 

8  IV 

826  62 
329. 13 
845.  76 
367.  76 
375. 14 

(0.00)  0.81 
(0.21)  0.96 

II 
II 
II 

52.52C 
35.03 
25.27 
IK.  33 
6,917.26 

10  10 
50  8 
80  15 
8  2 
10  3 

2  IV 
50  III 
100  III 

8  III  A 
10  III  A 

379.31 
415.58 
435.90 
450.38 
14, 462.61 

(0.00)  1.10 
(0.48)  1.14 
(O.OOW)  1.58  A» 

II 

I 
I 
I 

I 
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Table  1. — Wave  lengths  and  Zeeman  effects  in  lanthanum  spectra — Continued 


X  (air) 

I.  A. 

Intensity 
arc  spark 

Arc  intensity 
and  tempera- 
ture class 
K  and  C 

p  (vac.) 
car1 

Zecinan  efToct 

trum 

6.903.08 

2  1 

1  III  A 

14,482.30 

I 

5.  W2.08 

3  S 

1III 

484.40 

K?)  II 

6.  899.  W 

2h  1 

tr  V 

489.54 

9S.41 

tr  V 

492.10 

I 

59.03 

4  6 

tr  V 

675.31 

II 

37.91 

15  15 

3  IV(?)  E 

620.32 

II 

34.07 

20  20 

4  IVC)  E 

8W.54 

(1.05)  (?) 

II 

30.83 

I  6 

trV  E 

635. 4S 

(0.00)  0.98 

II 

23.80 

40  10 

15  II  A 

850.  56 

(0.00)  1.15 

I 

21.51 

M  2 

tav 

655.47 

I 

19. 14 

1  - 

660.57 

I 

16.20 

m  v(?) 

rm.io 

■ 

13.68 

S  50 

1  V(?)  E 

672.32 

(1.04)  1.29  B 

II 

OS.  88c 

30  30 

6  IV 

682.66 

(O.OOh)  1.56h 

II 

6.  SOI.  38 

1  5 

698.85 

(0.00)  1.10 

II 

6,796.73 

4  1 

4  II  A 

708.90 

I 

83.65 

1  — 

tr  IV  A 

737.48 

I 

78. 19 

1  — 

tr  V 

74P.  14 

I 

78.09 

1  — 

1  III  A 

752. 40 

I 

II 

74.28c 

80  100 

30  III  E 

757.65 

(6.00w)  1.10 

60.73 

H.  N.  R. 

1III  A 

787.23 

I 

60  23 

1  1 

788.32 

I 

53.05 

40  10 

MI  A 

804.04 

(0.00W)  1.51  A* 

I 

II 

50.47 

1  1 

809.  70 

48. 12c 

10  3 

10  II  A 

814.86 

1 

41.20 

2  1 

830.07 

I 

37.29 

1  — 

838. 67 

I 

32.80c 

2  40 

1  V  E 

848. 57 

(0.00)  0.99 

II 

18.68 

2  60 

tr  V  E 

879.78 

(0.69)  1.12  B 

II 

15.96 

1  — 

1  IV  A(?) 

885.80 

1 

14.08 

5  80 

2  V  E 

889. 97 

(0.00)  1.38 

II 

6.709.49 

150  30 

200  I 

900.  16 

(0.00)  1.18 

I 

6.  6LHJ.86 

3  1 

4  III  A 

921.57 

I 

99.26 

2  2 

2 

922. 91 

I 

92.86c 

20  4 

30 1  A 

937. 18 

(0.00)  1.06 

1 

76.14 

1  3 

974.59 

11 

71.41c 

15  40 

6  IV(?)  E 

14. 9M.  20 

(0.63)  1.17 

II 

64. 45 

1  — 

16,000.85 

I 

61.40c 

60  15 

80  I  A 

007.72 

(0.65)  1.23  B(?) 

I 

58.08 

1  — 

015.25 

1 

50.81c 

80  20 

100  I  A 

031.62 

(O.OOw)  0.88 

I 

45.15 

7  3 

8  IV 

044. 42 

44.40c 

30  5 

40  I  A 

046. 12 

I 

42.79 

10  100 

3  V  E 

049.77 

(0.33)  0.82 

II 

36.53 

3  5 

1  V 

083.96 

II 

31.20 

3  3 

3  V<?) 

070. 07 

K?) 

28.4 

1  1 

1  IV  A 

082.  4 

I 

19. 10 

—  2 

103.63 

II 

16. 59c 

60  10 

801 

109. 36 

(0.53)  1.12  B 

I 

12.48 

3  1 

118.  75 

1 

08.25c 

40  5 

40  II 

128. 43 

(O.OO)  1.01 

I 

07.7 

I  — 

3  IV 

129.7 

I+M 
I 

6.  0O0. 17c 

25  5 

50  II  A 

146. 95 

(0.35)  |.12 

• 

6.  5'.W.  48 

tr  IV  A 

148.  53 

93.45c 

40  5 

601 

162. 3J 

(O.OOw)  1.30  A* 

1 

90. 59 

1  — 

16*.  97 

82.18 

4  2 

ft  IV 

18X.35 

(O.OOh)  1.41 

7*.  51c 

200  100 

400  I 

196. 82 

(0.00)  1.00 

70.98 

2nIII 

214.28 

II 

68.54 

?  g! 

219.89 

65. 45 

40  (?) 

40  I  A 

227.05 

55.95 

3  III  A 

249. 12 

55.  11 

2  (?) 

1  V 

251.07 

54. 18 

1  V 

253.23 

II 

8,551.78 

i  (r 

15, 258. 82 

I 
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Table  1. — Wave  lengths  and  Zeeman  effects  in  lanthanum  spectra — Continued 


X  (air) 
I.  A 

Intensity 
arc  spark 

B.  sT 

Arc  intensity 
an<l  tcmoera- 
ture  class 
XT  and  C 

*X  IUJU  V-/ 

r  (vac.) 

rm~l 

Zeeman  effect 

Soec* 
trum 

6,  549.  16 

2 

(7) 

2n  m<?) 

15, 264. 92 

I 

4  J. 17C 

300 

100 

500  I 

27o.  VO 

/*  %%    n  on\  O  OA   A  7 A    f  J1    A  A* 

(0.33,  O  P*))  0.00,  0.(4,  1.41,  2.07 

w 

I 

/».  iJC 

4 

4h 

A  TTT/7\ 

4  111( .') 

uiu.  m 

TT 
11 

M.  V\IC 

100 

200 

i/wi  rif  T3* 
100  111  K 

O  lit 

OlO.  7/ 

/*  AA    O  IM\  A  OA     A  1 

{wABt  0.22)  0.04  A' 

II 

2 

1 

o  TFT    A  i%\ 

2  III  A(7) 

324. 12 

20.  70 

15 

3 

20  IV 

331.55 

(O.OOh)  l.lOh 

I 
I 

IV.  oU 

3 

1 

A  T\T 

4  IV 

oiM.  84 

T 
1 

17  IK 

1 

— 

TIQ  A^ 
•MS*.  7* 

T 
1 

0,  oOo.  iO 

4 

2 

fl  I\ 

nil  KA 

T 
I 

30 

250 

7  IV(:)  Ei 

Six.  OO 

/n  nn\  n  qi 
(0.00)  0.81 

TT 
11 

92. 86 

4 

2 

5  V 

397.20 

I 

20 

5 

on  TT  * 

20  II  A 

At  a  nr. 
414.  w 

fO  AO\  1  1A 

(0.00)  1.10 

T 
I 

OA  Oft 

1 

— 

4jE/.  Of 

T 
I 

Oo.  44C 

10 

3 

D  If  A 

8  II  A 

if C  JO 
4 OO.  4*4 

T 
I 

EC  Aft 

OO.  w 

250 

100 

n/wv  ff 
.MA)  I 

4rVh  aCc 

/A  00\  1  lO 

(0.0U)  1.18 

T 

54.50c 

150 

50 

2001 

488.80 

(0.38,  1.11)  0.80, 1.54,  *.tt 

I 

RO  94 

00.  34 

6 

3 

n    If  4 

8  II  A 

4yK  78 

/n  /wis  «  on 
(O.OOj  1.2U 

T 
I 

JO  OA 

3 

— 

Jin:.  *?j 

T 
1 

AO  or 

W.  avJi 

4 

2 

TA/t\   TT  A 

10(7)  11  A 

0*M.  Ol 

T 
1 

AO    1  O 
4*.  10 

20 

10 

eo/7\  TT  A 

50(7)  11  A 

.KM.  17 

T 
I 

46.62 

15 

200 

5  V  E 

507.73 

(O.OOw)  1.43  A» 

II 

i«  Aft 

43.  Oo 

3 

50b 

1  V 

K1A 

516.  32 

/n  no«*\  A  *?a  A  1 
(O.OOW)  0.76  A' 

TT 
11 

OC  J!  ft 

J6. 00 

2 

1 

f>5fl.  04 

T 
1 

oo  on 

1 

— 

rdO  OK 

fl6W.  85 

T  1  X\M 

I+M 

17.  23 

2 

1 

*  TTT/7\  A 
3  111(7)  A 

578. 75 

T  _i_XA" 
I+M 

15.39 

1 

1 

583.22 

II 

('-,  41".  W 

200 

60 

7AA  T 
300  1 

(0.00)  1.09 

T 
I 

6,  3W».  04 

20 

400 

10  v  (7;  K 

roo  AA 
fi/.i.  0* 

Vft  ftft\    1  AJ 

(0.00)  1.04 

TT 
II 

OA  0*>« 

400 

100 

600  I 

634.  7» 

/ft  Aft             1    Aft    A  % 

(0.00  w  >  1.02  A> 

I 

OO  JO 

TO.  48 

inn 

on  TT T 
80  III 

643.  W> 

/ft  ftft\    1  i*V» 

(0.00)  1.03 

TT 
II 

80.48 

■ 
i 

i 

1  v 

664.48 

I 

•f  »    It  ft 

75.  DO 

2 

TftO.  72 

T 
1 

7«V  11 

2 

— 

0  XT 

1  V 

T 
I 

74.  08 

3 

30 

l  XT 
1  V 

rvH4.  /I 

/rt  Art            1  ITT   A  1 

(0.00  W)  1.67  A' 

TT 
II 

60.20c 

30 

10 

30 II 

718.  44 

(0.00)  0.89 

I 

58. 12 

oft 

HI 

5  IV 

723.58 

(0.99)  0.40,  1.52 

II 

56.88 

3 

1 

4  III  A 

727.88 

I 

A3  63 

1 

— 

#34.  W 

T 
I 

OO    1 A 

3».  10 

2 

1 

n  TTT  A 

/  1 11  A 

770.  61 

T 
I 

37.88 

2 

3 

1  XT 

1  V 

7A 

773.  7v 

TT 

II 

33.  74 

«a 
3 

9 

*% 

2  IV(?) 

784. 10 

I 

33  24 

2 

1 

21II(?) 

785.35 

I+M 

no    ^  fl 

3 

1 

ATTI  A 

2  III  A 

7v2.  3S 

I 

AO*  W 

100 

20 

1  FA  T 

150  1 

(0.63,  O.W)  0.25,  0.63,  1.11.  1.38, 

T 

on  W> 

100 

200 

an  ITT 
80  111 

SIT  A  A 
ol V . 44 

1.76 

/A  Jl\  n  C  T] 

(0.44)  0.87  M 

TT 
11 

18.20 

5 

2 

12  III  A 

822.78 

I 

la.  7m 

3 

50 

1  XT 

1  V 

/n  fte\  ft  j ft    *  jo 

(0.95)  0.49,  1.43 

TT 
II 

1  A  Al 
ID.  VI 

8 

200 

A  XT  Xf 

4  V  K 

841. 20 

yft  ft*r\  ^  vft  Ti 

(0.27)  l.lO  M 

T  T 
11 

to  14 

10.  1.1 

8 

5 

in  XX' 

12  IV 

843. 16 

T 
1 

OQ  Q  7 

2 

? 

0  TTT 

1  111 

OA  A  41 

Mh.  ja 

T 
1 

08.21 

2 

7 

3  III 

847.98 

I 

07.25 

1 

20h 

tr  IV 

850.40 

(0.00)  0.51 

II 

6,  305.  46 

10 

10 

5  IV 

854.90 

11 

100 

300 

MIIV  R 

8»0.  OA 

(O.OOW)  1. 20  A« 

TT 
11 

Q7  H7« 

YM.  0<C 

60 

10 

on  TT  A 

HO  11  A 

OO  1  OJt 

S84.  BO 

/ft  ftft\    *    4  1 

(0.00)  1.33 

T 
I 

88.56 

6 

3 

7  III  A 

807.50 

I 

87. 73 

7 

3 

8  III  A 

890.60 

I 

78. 31 

1 

1 

923  46 

I 

73.76 

4 

100 

2n  III(') 

935. 01 

(0.00)  1.04 

n 

66.00c 

40 

20 

80  III 

954.74 

(0.00)  1.06 

i 

62.30 

100 

300 

964. 17 

(O.OOw)  1.10  A« 

ii 

49.92c 

300 

100 

5001 

15,995.79 

(0.00)  1.13 

i 

38.58 

12 

3 

15  III  A 

1ft.  024.  86 

i 

3*.  7fic 

7 

2 

10  III  A 

02U.54 

i 

6,230.  17 

• 

8 

3 

12  IV 

16,031.06 

i 
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Table  1. — Wave  lengths  and  Zceman  effects  in  lanthanum  spectra — Continued 


A  \KU  1 

I  A 

Intensity 
arc  spark 

B.  8. 

km  intfm«It\r 
anH  fAmrutro. 

El  LIU             \nzi  o* 

tnrp  rljvis 
i  ui  r  v..  io»V] 

K"  ami  O 

Zeeman  effect 

trum 

6,234.  85c 

10 

3 

15  III  A 

16, 034. 46 

(0.00)  1.28 

I 

33.51 

10 

3 

15  III  A 

037.90 

I 

32.56 

1 

1 

010.34 

I 

25.33 

2b 

1 

058.97 

j 

24.24 

• 
1 

• 
1 

061.78 

19. 46 

2 

1 

A  T  T 

2  V 

074.  IS 

I 

IS.  19 

5 

2 

7  in 

077. 41 

I 

14. 35 

2 

1 

087.34 

I+M 

06. 76 

2 

1 

107.  02 

(0.17)  1.14h 

6,  208. 51 

3 

aril 
501 

2  V 

116.46 

n 

6188.  09 

5 

1001 

1  V 

155. 61 

(0.00  W)  1.02  A» 

74. 15 

4 

6 

1  V 

192.  09 

(0.00)  0.63 

n 

73.74 

1  IV  A 

193.17 

i 

72.72 

10 

10 

m  wr 

5  V 

195.84 

(0.06,  0.32,  0.63)  1.69  A» 

WW 

II 

67. 69 

2 

1 

209.05 

I 

65.  69c 

30 

10 

40  n 

214.31 

(0.88)  0.87,  1.48,1.99 

I 

65.02 

3 

1 

2 IV 

216.07 

*> 

I 

54.55 

1 

243.66 

• 

I 

46.  53 

10 

15 

5  IV 

264.86 

(0.00  W)  1.60  A» 

TT 

II 

45.29 

3 

A 
A 

3  III 

268. 13 

I 

42  98c 

10 

6 

io  ni 

274.25 

(0.00)  1.15 

w 

I 

41. 71 

3 

277.61 

w 

I 

36.48 

2 

1 

A  TT  A 

2  II  A 

291.  49 

I 

34.  39c 

20 

8 

m+\  TT  T 

3)111 

297.  34 

(1.34)  1.37 

w- 

I 

31.92 

1 

1 

303.60 

II 

29.  5*C 

30 

50 

15  IV  (?) 

309.85 

(0.00  W)  0.99  A1 

«  t 

II 

A**  JW 

27.04 

8 

5 

12  III  A 

316.  59 

I 

26.  09 

20 

50 

319. 12 

(0.34)  0.92  B 

II 

23.75 

2 

1 

2  IV 

325. 36 

I 

21.27 

1 IV 

331.97 

I 

20. 34 

1  IV 

334.45 

T  TT 

I  II 

11. 71c 

20 

7 

30  II 

857. 62 

(0.00)  1.17 

I 

08.47c 

40 

10 

60  II 

366. 19 

(0.53)  1.34  B 

I 

07.  26 

4 

2 

«  A  ¥  *  A 

12  11  A 

369.43 

T 

I 

6, 100.37 

1  A 

10 

30 

10  V 

387.92 

(0.00,  0.34)  0.84,  1.16 

n 

6,  092.  22 

2 

1 

1  III  A 

409.85 

T 

I 

88.00 

2 

1 

In  IV 

421.22 

I+M 

86.43 

2 

10 

In  V 

428. 15 

(0.60,  0.74)  1.20,  1  90 

II 

84.86 

6 

3 

8  III 

429.69 

T 

I 

75.24 

1  III  A 

456. 71 

I 

74. 01 

3 

5 

1  III  A 

459. 04 

(0.21)  1.12 

I  II 

72.04 

3 

2 

4  III  A 

464.38 

I 

68. 70c 

20 

6 

30  III 

473.44 

(0.75)  0.46,  1.90 

I 

67. 13 

2 

6 

1  V(?) 

477.71 

(0.00)  1.49 

n 

61.42 

2 

2 

2  V(?) 

493.23 

IK?) 

46.07 

2p(?) 

2 

i  rv(?) 

535. 10 

IK?) 

Mm  A 

44.8 

2 

2 

A  TT  T  k 

2  III  A 

638.  6 

I 

41.  6 

2 

2 

2  III 

547.3 

I 

38.57c 

20 

5 

mm*    »  •  T  m 

25  III  A 

555.64 

I 

37.98 

1 

2 

557.25 

II 

35. 12 

n  *t 

2  V 

565. 11 

34.  5 

2* 

2 

3  V 

566.8 

I+M 

32. 33 

5 

2 

572.63 

I 

SI.  46 

5 

2 

3n  IV(7) 

576. 16 

I+M 

25.09 

2p(?) 

1 

1  IV(?) 

592.68 

I 

17. 16 

3 

2 

I  III  A 

614.54 

I 

6.  007. 34C 

60 

10 

50  III  A 

641.70 

(0.00  W)  1.77  A» 

I 

5,  992.  35c 

3 

2 

2  III  A 

683.83 

I 

01.98 

1 

4h 

684.36 

n 

82  34 

10 

4 

6  III  A 

711.25 

i 

75.75c 

10 

6 

3  III  A 

729.68 

I+M 

73.52c 

IS 

1201 

5VE 

735.92 

(0.00)  1.20 

II 

71.00 

3 

8 

742.73 

(0.00)  1.18 

II 

70.58 

H.  N.  R. 

1  III  A 

744.16 

I 

5, 995.30 

3 

2 

1III 

16,758.98 

I 
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Table  1. — Wave  lengths  and  Zeeman  effect*  in  lanthanum  spectra — Continued 


X(air) 
I.  A. 

Intensity 
arc  spark 

B.  S. 

Arc  Intensity 
and  tempera- 
ture class 
K  and  C 

p  (vac.) 
cm-' 

«/rviii(ui  viiwii 

■ 

Spec- 
trum 

5,  902. 60 

A 

A 

2 

1III  A 

16, 766. 60 

I 

61.43 

A 

2 

A 

3 

*  tVA.  86 

II 

60.  59 

4 

A 

3 

3  III  A 

772. 23 

57.90 

i 

4 

779.80 

n 

48.  30c 

irt 
10 

20 

806.9 

(0.62)  0.86  h 

n+M 

40.83c 

A 

3 

I 

1  III  A 

828.01 

i 

36.  22c 

16 

20 

12  V  E 

841.08 

(0.00)  1.21 

ii 

35.29c 

20 

5 

15  II  A 

843  72 

fO.OO  W)  1.72  A » 

30.  68 

100 

20 

856.81 

i 

30.61 

200 

40 

J  400  I 

857.01 

(0.00)  0.87 

i 

2».  48 

* 
0 

M 
% 

4  III  A 

863.07 

i 

27.71 

5 

30 

865.26 

(0.00)  1.30 

ii 

18.2fi 

j 

i 

H*J2. 19 

ii 

17.64c 

20 

6 

15 II  A 

893.96 

(0.2D  1.10  h 

04.  28 

4 

3 

A|l|  A 

2  III  A 

yzi.  20 

/A  AA\    1  OC 

(0.00)  1.25 

1 

01.95 

r 

5 

401 

2  IV  K 

938.87 

(0.00  W)  1.60  A» 

ii 

5, 900. 75c 

3 

2 

1  III  A 

942.31 

5.  SW.JMo 

20 

10 

8  III  A 

950.30 

i 

92.66 

3 

4 

1  V 

965.  58 

(0.00)  1.54 

ii 

85. 23 

1 

16.986.99 

ii 

80.63c 

40 

60 

30  III  E(?) 

17, 000. 28 

(I JO,  0. 42)  0.54,  0.96,  1.38 

ii 

77. 9<J 

3 

2 

UII  A 

008.00 

77.62 

4 

A 

2 

2  III  A 

008.98 

i 

74.72c 

8 

4 

8  III  A 

017.38 

i 

74.00 

6 

0 

3  IV 

019. 47 

(0.00)  1.49 

ii 

69.93 

2 

2 

1  III  A 

031.27 

i 

63.70 

•ft 

30 

80 

20  V  K 

049.36 

(0.00)  0.98 

ii 

67.44 

2 

087.58 

55.57c 

20 

0 

15  II  A 

073.03 

(0.00  W)  1.42  A» 

i 

62.26c 

6 

4 

2  III  A 

082.69 

i 

48,95 

A 

3 

20 

0P2.  36 

(0.00)  0.54 

ii 

48.37c 

*  * 

15 

£ 

0 

8  III  A 

0W.05 

(0.00)  0.90 

45.02c 

10 

611  A 

103.85 

(0.00)  1.18 

i 

39. 77 

3 

211  A 

119.23 

i 

29.71c 

20 

10 

10  III  A 

148.77 

(0.00)  1.75 

i 

28.44 

2 

A 

2 

152.  51 

ii 

27.56c 

8 

A 

3 

3  III  A 

ISA.  10 

(0.59)  1.50(7) 

23.82c 

15 

10 

10  III  A 

166. 11 

(0.00  w)  0.96  h 

i 

21.98c 

1A 

JO 

JO 

30  III 

171.54 

(0.00)  0.03 

i 

13.44 

2 

1 

1  III  A 

196. 76 

i 

08.63 

4 

A 

8 

211.00 

ii 

08.31 

40 

60 

16  rV'(7) 

211.95 

(0.00)  0.75 

ii 

06.56 

3 

8 

217. 14 

ii 

05.77 

80 

1  AA 

120 

50  in  E 

219.4* 

(0.00)  1.09 

ii 

6,602. 10c 

2 

1 

1  III  A 

230. 37 

i 

5, 797.  57 

UK) 

l.V) 

50  III  E 

243.84 

(0.00)  1.24 

ii 

91.32c 

200 

60 

400  I 

262. 45 

(0.00  W)  1.31  D 

i 

89.22c 

150 

J  A 

40 

250  I 

268.71 

(0.15)  1.21 

i 

81.02 

2 

A 

3 

293.20 

ii 

79.91 

2 

4 

206.52 

(0.00)  1,38  h 

ii 

69.97c 

25 

20 

25  III  A 

326.32 

i 

69.32 

80 

30 

SO  1 

328.27 

(0.00)  1.01 

i 

6O.O60 

40 

60 

50  VE 

320.05 

(0.00)  1.09 

ii 

61.63c 

50 

20 

001 

350. 80 

(0.94)  9.00,  0.68,  1.34 

i 

49.69 

2 

387.73 

ii 

■ 

44.41c 

60 

20 

80  III 

403  41 

(O  CO  w)  1.24 

i 

42.93c 

4 

3 

2  IIIA 

407.  90 

i 

40.  toe 

80 

20 

100  I 

414.81 

(0  47)  0  59  B 

i 

34.93c 

6 

4 

5  IITA 

432.  18 

{0. 00)  0.92 

i 

27.29 

6 

20 

4  VE 

455.43 

(O  00)  1.45 

< 

ii 

20.01c 

10 

4 

10  IIIA 

477.65 

(0.16,  0.48.  0.81)  193A' 

i 

14.55c 

1  IIIA 

494. 35 

i 

14.01 

4 

3 

S  IIIA 

498.  00 

(0.62)  (?) 

i 

'  1Z39C 

20 

20 

20  1 1 1 E  <?> 

600.  06 

(a  oo)  a  98 

ii 

10.85 

2p(7)  (7) 

2  III 

505.  68 

i 

6, 703. 32 

20 

20 

10  III 

17,628.80 

(0  00)  1. 48 

i  ii 
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Table  1. — Wave  lengths  and  Zeeman  effect*  in  lanthanum  spectra—  Continued 


Mair) 

I.  A. 

Intensity 
arc  spark 

B.  3. 

Arc  intensity 
and  tempera- 
ture class 
KandC 

p  (vac.) 
cm"1 

Zeeman  eilect 

Spec- 
trum 

5,702  57 
01. 15 
5.700.25 
5.  6'M  32 
06. 18 

3  2 
30  15 

2  III 
1  III 

3  III 
6  III 

40  I 

17,531. 10 
535.  47 
538.24 
541. 10 
55a  77 

(a  00w)0.80A« 

I 

Cu.  (?) 
I 

71.54 

69.97 

6L34c 

57.71c 

56.64 

10  100 

2  2 
30  15 
2  2 

8  VE 
1  IV 
1  1IIA 
50  II 
1  IIIA 

627.02 
631.90 
6S8.78 
67a  10 
873.76 

(a  00)  0.79 

(•.«•,  0.88)  0.73,  L33,  1.M 

II 

Ce  (?) 

I 
I 

54.8c 
52  3 
48.24c 

39. 31c 
32.02 

20  10 
6  10b 

50  30 
8  5 

15  6 

3  IIIA 

80  III 
5  IIIA 
25  II 

679.2 
687.0 
699  73 
727.76 
76tt  70 

(oao)  i.i2 

(0.00)  0.93 

I+A/ 
II+M 

I 
I 
I 

31.22 
5.  «ia  53 
5. 598. 52 
91.51 
88.33c 

60  10 

2  20 

3  — 
1  1 

100  20 

100  I 
80  II 

753.22 
818.  69 
850.92 
879.30 
889.48 

(0.00W)  1.45  A« 
(0.00)  0.49 

I 

II 

I 

II 

I 

7tt  37 
68.45c 
00. 92 
85.70 
65.43c 

3  2 
30  10 

5  40 
10  5 
10  5 

ft  II A 
50  II 

2  VE 
20  II 
20  III 

947. 16 
953. 35 
95.8.  28 
982  22 
983.00 

(0.44)  1.16 
(0.37)  1.24 

(0.00)  1.52 

I 
I 

II 

I 
I 

62  54 

47.56 
44.90 
41.25c 
35.68c 

2  1 
2p(?)  3h 

3  2 
15  10 
20  80 

2  III(?) 

6  III 
20  III 
15  VE 

17, 972  42 
18,020.05 
0'J9.  60 
041.47 
059.69 

(0.00)  1.13 
(0.28)  1.47 
(0.00)  1.25 
(0.00 W)  0.80  A • 

I 

II 

I 
I 

II 

32  17 
29.86 
20.51 
24.  40 
17.34c 

4  10 
2  2 

20  7 

3  III 
3  III 
2  V 
1  V 
30  III 

071.08 
078.63 
089.  59 
096.50 
119.66 

(0.00W)  0.61h 
(0.00)  1.10 

III 

I 

I 

I 

15.28c 
07.33 
08.00c 
03.80c 
02  06 

5  4 

20  5 
40  10 
5  2 

10  III 
2  III 
40  II 
80  III 
10  III 

126.42 
152  59 
156.97 
164.23 
168.00 

(0.25)1.42 

(O.OOw)  1.54h 
(0.70)  1.22  B 

I 
I 
I 
I 
I 

02  24 
5,  SOL  34 
5,498.70 
93.45 
9L07 

3  2 
200  70 
2  1 
10  20 
5  2 

4  in 

300  I 
2n  III 
20  VE 
8  III 

169.  38 
172. 35 
181.08 
198.45 
206.34 

(0.00)  0.80 
(0.00W)  1.57  A« 

I 
I 
I 

II 

I 

86.80 
82  27c 
8a  72 
75. 17c 
66.91 

3  5 
20  40 

4  25 
10  ..  6 

2  2 

3  V 
50  VE 

1  VE 
15  III 

3  III 

220.31 
235.  67 
24tt  72 
259.21 
286.80 

(ttOOW)  1.89  A« 
(0.00)  1.03h 
(0.00)  1.08 

II 
II 
II 

I 
I 

64. 37 

58.68c 

55.14 

47.69 

37.55 

10  25 
10  50 
200  40 
2  10 
2  2 

25  VE 
20  VE 
400  I 

5  III 

295.30 
314.37 
326.25 
351.65 

(0.M,  a49,  0.97)  1.6*1,  0.49,  0.97 
(0.00)  1.00 
(0.00)  1.20 
(0.22)  1.14 
(0.00)  2.64 

II 
II 

I 

II 

I 

29.86c 
23.82 
22. 10 
5,415.67 
5.390.63 

6  5 
4  4 

4  3 

(?)  1 

15  III 

3  IIIA 
8  III 

411.57 
432  08 
437.93 
459.82 
545.56 

(0.49)  1.04 
(0.36)  1.66W 

I 

II 

I 
I 
I 

81.91 
81.77 
8tt  97 
80.00 
5,377.08 

15  100 
5  50 

40  100 
3  1 

20  200 

}   15  VE 

80  VE 
6  III 
2  VE 

575. 61 
576.  10 
578.88 
682  21 
18,59230 

(0.00)  0.74 
(0.00)  0.77 
(O.0OW)  0.82  A" 

II 
11 
11 

I 

11 
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Table  1. — Wave  lengths  and  Zeeman  effects  in  lanthanum  spectra — Continued 


X(air) 
I.  A. 

Intensity 
arc  spark 

B.  S. 

Arc  intensity 
and  tempera- 
ture class 
K  and  C 

*  (vac.) 
cm-1 

Zeeman  effect 

Spec- 
trum 

5,364.87 

A 

2 

8  III 



18,631.14 

I 

59.  70 

0 
« 

1 

3 

2  III  A 

652.59 

I 

57.85c 

25 

10 

60  III 

659.03 

(0.00)  1.53 

I 

40.  Ofi 

100 

s\p>9 

40  HIE 

719.09 

(0.00)  1.07 

II 

33.42 

1 

2 

744.50 

II 

30.64 

2 

754.27 

I(?) 

23.  56 

„ 

3  III 

779.22 

I 

21.34 

• 

I 

787.04 

I 

20.11 

3  in 

791.28 

I 

07.52 

3 

2 

3  IU 

835.96 

I 

04.01c 

20 

5 

30  III 

848.43 

I 

03.54 

50 

100 

100  III  E 

85a  10 

(0.00,0.61)  0.57,  1.17,  L78 

II 

02.62 

30 

150 

40  V  E 

853.  37 

(0.00)  1.16 

II 

5, 301.  97c 

HO 

f?4J 

200  III  E 

85,5.68 

(0.00  w)  1.50  w 

II 

5,290.83 

30 

50 

60  III  E 

895.38 

(0.34)  0.82  B 

II 

87.45 

1 

X 

1 

1  V 

907.46 

I 

79.11 

g 

40 

2  V  E 

637.33 

(0.00)  1.20 

II 

76. 40 

5 

4 

■ 

10  III 

047.06 

(0.00)  0.90 

I 

71. 18 

inn 

04J 

1601 

18.965,82 

(0.00)  1.39  A» 

I 

59.38c 

30 

50 

40  III  E 

19,008.37 

(0.00  W)  0.46  A« 

II 

57.83 

4 

3 

V 

3  III 

013.98 

(0.00)  1  07 

I 

57  2* 

2 

015,96 

II 

53.  45 

100 

S\nJ 

30 

1001 

029.83 

(•Jt,  0.69)  0.57,  1.03,  1.49,  1.91 

I 

40  81 

A 

a 

2  III 

075.  72 

I 

39.54 

4 

3 

4  III 

080.35 

I 

34.27c 

150 

40 

300  II 

099.56 

(0.00  W)  2.10  A» 

I 

26.  20 

2 

401 

1  V  E 

129.05 

(0.00  W)  0.32  W 

II 

22.48 

3h 

wit 

142.68 

(0.00)  1.15 

II 

21.32 

146.93 

II 

17.83 

— 

lOh 

169.74 

II 

11.85c 

150 

40 

300 II 

181. 72 

(0.00  W)  1.73  A» 

I 

5,  2t>(.  14 

25 

300 

12  V  E 

210. 14 

(0.00)  0.86  A»  (?) 

II 

5, 191. 50 

1 

Ah 

25a  91 

(0.00)  1.05 

II 

90.34 

a 

4 

261.21 

88.21 

40 

500 

25  V  E 

269.12 

(0.00)  1.09 

II 

83.91 

10 

in/"*i 

20 II 

285. 10 

I 

83.  42c 

VM 

400  III  E 

286.93 

(0.00)  1.31 

II 

79. 11 

O 

9 

M 

2  III 

302.  98 

I 

77.  30c 

300  II 

309.72 

(0.00)  1.07 

73.83 

10 

251 

10  IV  (?)  E 

322,67 

(0.00)  1.06 

II 

72.89 

s 

1  VE 

326. 19 

(0.20)  1.03 

II 

68.  95 

0 

* 

9 

340.92 

I 

67.79 

in 

20  III 

346.26 

I 

II 

67.28 

* 

in 

347.17 

64.03 

IV  (7) 

359.34 

1 

63.61 

A/ 

20  V  (?)  E 

360.92 

(0.74)  1.18  B 

II 

02.  68 

9 
*% 

364.41 

II 

61.64 

9 
m 

1 

36*.  68 

58.  ftK 

40 

20 

801 

379.42 

(6.19,0.57)  1.05,  1.45,  1.85 

II 

57.43 

16 

150 

15  VE 

384.12 

(0.00)  0.66 

56.74 

20 

40 

30VE 

386.71 

II 

52.31 

1 

1 

403.38 

I  II 

45.  42 

100 

40 

200  II 

429.36 

(0.00)  0.89 

I 

:w.  16 

3 

2 

453.03 

I 

35.42 

3 

2 

2V 

467.20 

• 

1 

34.  i, 

2 

1 

it  1.  lo 

29.  81 

3 

2 

488.48 

II 

22.99 

100 

200 

150  III  E 

614.  43 

(O00)  1.16 

20  87 

10 

4 

10  III 

522.51 

(0.00)  0.92 

II 

14.55c 

100 

200 

150  III  (?)  E 

540.63 

(0.00)  0.54 

12.37 

1 

2 

554.97 

II 

09.  12 

3 

2 

2  III  A 

567.40 

07.54 

6h 

573.46 

(0.00)  1.19 

II 

06.23c 

100 

40 

150  II 

678.48 

(0.19)  0.62  A»  (?) 

5, 103. 11 

3 

2 

2  III 

19,500.45 
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Table  1. — Wave  lengths  and  Zeeman  effects  in  lanthanum  spectra— Continued 


X  (air) 
I.  A. 


5.  m.  59 

60.50 
86.71 
80.22 
SO  21 


7«.©2 
72. 10 
6"  90c 
06.00 

63.78 
62.  91 
CO  8.1 
58.56 
56.46C 

52  10 

50.57 
48  04 
46.  87c 
37  60 

33.24 
19.50 
14. 45 
02.12 
5,001.78c 

4. 099.  46c 
96  82 
95.95 
95. 17 
M.64 

93. 87 
91.27c 
Sfl.  82c 
84.  92 
84.63 

83.56 
77.95 
74.20 
70.  39 
68.50 


f,4  84 

57.77 
.W.  04 
52.  06 
49.76 

46.47c 
45.84 
35.61 
34.83 


21.80 
20.  98 
16.62 
11.34 
05.13* 

04.43 
4.001. 87 
4,  899.  »2 
04.24 
01.43 

87.60 
86.  82 
81.94 
80.  22 
4,878.86 


Intensity 
arc  spark 

B.  S. 


2 
2 

2 
10 

4 

3 
3 
15 
I 

2 
10 
2 


1 

GO 
4 

30 
2 

2 

10 
5 

10 


6 
I 
1 
2 

15 
40 
60 

3 

1 

2 
8 

50 
4d 


3 
4 

2 
10 
50 

20 
3 
5 

40 

3 

200 
200 
3 
4 
4 

1 
15 
150 
2 
4 

4 

3 
1 
1 
10 


1 

201 

3hl 

1 
40 

3 
2 
1 

10 
20b 

3 
20 
3 

lh 
20 

1 

20 
301 
15 
2 

1 

5 
30!.! 
40 

6 

200 
50 
1 
1 
1 

5 
80 
100 
2 
1 

1 
4 

4h 

100 

3 


2 
3 
2 
40 

20 

50 
2 
10 
100 

2 

300 
300 

2 
10 

3 

2b 
10 
200 

,2 

3 
2 
1 

10h 
10 


Arc  intensity 
an  l  tempera- 
ture class 
Kand  C 


1  IV  (?) 
trVE 


1  VE 

5  IV 

2  V  (?) 
1  III  A 

15  III 


4  V  E 

son 


80  II 

I  V  E 
60111 


8  III 

3  V  E 
10  III  A 

200  III  E 

2  V  E 


1  III  A 

20  II 
20  IV  E 
100  III  E 
2IV(?) 


8  11  A 

too  in  e 

4  III  A 

IV 

5  V  E 
2001 

20  IV(?)  E 
5  III  A 
2  V  E 

20  V  E 
2  IV 

400  III  E 
400  III  E 

1  III(?)  A 

4  III  A 


25  I 
300  III  E 
1  III 


5  III 
2  IV 


15  III 


(vac.) 


10.  fill.  51 
"4 

653.  61 
055.  50 
678.  76 

682. 01 
683.  76 
710.22 
726.56 
730.10 

742. 68 
74«  00 
754. 04 
702.  97 
771.  18 

788.25 
794.  24 
£04.  16 
808.  75 
845.20 

U\2  40 
916. 76 
036  82 
9*5.98 
0J7. 32 

19. 996.60 
20.007.  10 
010  64 
013.77 
015.00 

018.08 
02V.  41 
047.28 
054.92 
050.09 

000.40 
083.01 
008.14 
113.55 

120.84 

136.03 
164.  75 
171.79 
188.00 
197.  38 

210.81 
213.39 
255.  28 
258.48 
297.27 

312  12 
315.50 
333. 52 
355.38 
381. 15 

384.05 
394.  70 
402  82 
426.49 

4:18.23 

454.  24 
457.  51 
477.96 
485. 17 
20,490.80 


Zeeman  effect 


(0.00  TV)  1.33  A» 
(0.38)  0.98  w 

(0.00)  1.10  h 

(O.Oi,  0.66)  0.90,  1.56.  2.W 
(1.20)  O.W.0.70,  1.57 


(0.90)  1.18  B 
(0  00)  1.16 
(0.00  w)  1.24 


(0.00)  1.00 
(0.00  w)  1.28  A« 


(0.00)  0.85 

1 0.90, 0.43)  0.57,1.00, 


(O.M,  0.20)  I.8S,  1.12  US 


(0.00)  1.17 
(0.00)  0.84 

(e.(*,0.67)  1.05, 1.82 


(0.00)  0.07 


(0.00)  1.11 
(0.00)  1.00 


(0.00)  0.04 
(0.00)  0.80 


(0.00)  1.10  R 


Fpfic- 
trum 


II 
II 

II 


II 

II 
II 
II 
II 


II 
II 


II 
II 

II 


II 
II 


II 
II 


11(7) 


II 
II 

(7) 

n 
n 

n 


n 
n 
ii 

n 
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Table  1. —  Wave  lengths  and  Zeeman  effect*  in  lanthanum  spectra — Continued 


X  (air) 
I.  A. 

Intensity 
arc  spark 

B.  S. 

Arc  intensity 
and  tempera- 
ture class 
K  and  C 

»  (vac.) 
cnr1 

Zeemttn  effect 

Spec- 
trum 

4,874.99 

1 

1 

5  III 

20.507.15 

11 

70.50 

K 

U 

£ 

525.81 

I 

68.90 

0 

1 
1 

2  IV(?) 

53180 

I 

67. 37 

0 

1 
1 

5.m26 

I 

60.90 

60 

80 

100  III  E 

5&'>.  59 

(0.00)  1.19 

II 

59. 18 

0 
j 

on 

573.87 

II 

84.95c 

8 

A 

0 

8  III 

591.80 

(0.00)  1.21  R 

I 

5tt  81 

on 

in 

201 

mi.  37 

I 

50.58 

tt\ 

•5U 

5  VE 

610.35 

(0.00)  1.03 

II 

43.29 

4 

5 

IV 

641.37 

II 

40.02 

JvJ 

on 

10  V  E 

656.32 

(0.67)  1.30(?) 

II 

39.51 

zU 

in 
11} 

25  II 

657. 49 

(0. 00)  0.89 

I 

30.51 

r 
0 

1  n 

1  V  E 

695.98 

(0.00)  0.76  R 

II 

2*5. 87c 

4  V  E 

711.59 

(0.33)  1.08  R 

II 

24.05 

80 

100 

80  III  E 

723.70 

(0.00)  a79 

II 

17.55 

Q 
O 

0 

I 

751.66 

• 

I 

17. 17 

in 

0 

4  IV(?) 

753.  29 

I 

09.00c 

ou 

inn 

80  V  E 

788.55 

(0.00)  0.51 

II 

04. 04c 

SO 

(in 

50  V  E 

8ia02 

(0.95)  0.49, 1.43 

II 

4,800.24 

9 

fi 

8  III 

826.49 

I 

4, 799. 99 

Q 

5 

c 

0 

8  III 

827.57 

I 

06. 67 

1U 

OK 

4  V  E 

841.99 

II 

94.55 

9 

0 

« 
0 

2  V  E 

851.20 

II 

92.46 

1 

1 

1 

trill  A 

860.30 

I 

91.77 

1 

863.30 

I 

91.39 

<s 

511 

864.98 

I 

80.55c 

4 

0 

1  V 

91127 

n(T) 

79.89c 

A 

0 

4  II 

915. 16 

75.14c 

O 

0 

2V 

935.  9o 

i(?) 

7tt  43 

10 

8 

15  II 

956.63 

(0.00)  0.93  R 

i 

67.80 

1h 
1U 

1Q 

908.  19 

i 

06.89 

OV 

1001 

20, 971  19 

(0.00)  0.99 

i 

59.71c 

g 

£ 

2IV(?) 

21, 003. 83 

i 

58.40 

0 

m 

Q 
■> 

009.61 

ii 

57. 14C 

3 

2 

2  IV 

015. 18 

i 

56.97 

1  V 

015.03 

i 

53. 11c 

1 

1 
1 

1  IV 

032.99 

i 

52.41c 

0 

* 

3  III 

036.09 

i 

50.41c 

in 

a 
a 

15  III 

044.95 

(0.00)  1.04  R 

i 

48.73 

80 

150 

100  V  E 

05139 

(0.00)  1.00 

ii 

43.06c 

inn 

qc/l 

100  V  E 

077.47 

(0.52  w)  0.95  B 

ii 

4a  27 

Jim 

I  -XI 
1  *u 

150  III  E 

089.96 

(0.00  w)  0.97  A 1 

ii 

39.80 

n 

V 

1  K 

2  V  E 

092.06 

ii 

33.82c 

0 

n 

>> 

4V(?) 

118.70 

i 

30.73 

2 

3h 

13150 

ii 

29.09 

1 
1 

IV 

139. 82 

I(T) 
II 

28.41c 

on 

inn 

80  V(?)  E 

14186 

(••••.0.32)1.31,  1.61,1.11 

24. 42 

on 

in 

6  V  E 

160.72 

(0.65)  0.95  us 

II 

23.72 

* 

1 

3  11 

163.85 

I 

22.14 

1 

2h 

170.94 

II 

19.93c 

40 

150 

15  V  E 

180.85 

(0.00)  1.06 

II 

17.58 

10 

50 

4  V  E 

191.40 

(0.50)  1.2 

II 

16.44c 

40 

80 

25  VE 

196.52 

(0.W,  0.60)  0.92,  1.51  ?-12 

n 

14. 14 

4 

2 

51 

206.86 

i 

12. 92c 

20 

40 

12  V  E 

21135 

(0.00,  0.47,  0.92)  1.83,  2.91  R 

n 

OS.  18c 

8 

8 

8  III  (7) 

233.71 

■ 

■ 

(0.00)  0.97  R 

i 

03.27c 

30 

150 

20  V  E 

255. 87 

(0.00  W)  1.70  A« 

ii 

0164 

8 

6 

10  I 

258.72 

i 

4. 700. 26c 

8 

8 

8  III  (?) 

269.48 

i 

4,699.62c 

20 

50 

20  V  E 

272.38 

• 

ii 

95.30 

3 

3 

291.95 

i 

9150C 

50 

200 

60  V  E 

304.66 

(0.00  W)  1.21  A* 

ii 

9L  17c 

25 

50 

30  V  E 

310. 70 

(0.00,  0.46)  0.46  US 

ii 

88.65 

8 

40 

2  V  E 

321 15 

(0.00)  0.98 

ii 

4,684.39 

1 

2h 

21.341.54 

ii 
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Table  l.—Wave  lengths  and  Zeeman  effects  in  lanthanum  spectra—  Continued 


• 

X(alr) 
I.  A. 

Intensity 
arc  spark 

B.  S.  . 

Arc  iiiienMi  j 
and  temjycra- 
ture  class 
KandC 

p  (vac.) 
Cm-" 

/.(euiiiu  uueci 

Spec- 
trum 

4,  6S2.  12 

4 

5 

21, 351. 89 

■ 

II 

73. 63 

— 

lb 

891. 14 

H 

71.82c 

30 

2()0 

40  V  K 

3<'S  96 

(0.00  w)  1.29b 

II 

68.91c 

40 

250 

60  V  E 

412. 30 

19M  0  34  0  (>s'i  0  77  1  12.  1.47. 

H 

63.76c 

50 

300 

50  V  K 

435.94 

1.81  US 
(0.20)  0.99 

II 

62.51 

100 

200 

200  III  E 

441. 69 

(0  no  wi  o  so  a» 

TT 

11 

60.70 

8 

8 

8  III 

45a  02 

10  00  >  0  9'2  R 

\u,ia//  V*4r*  A» 

I 

55. 4^*c 

60 

400 

150  V  E 

474. 02 

(0  43)  1  20  R 

<                     1  ' 

II 

53.90c 

4 

3 

48L36 

I 

52.07 

15 

30ril 

20  I 

489. 81 

I  IK?) 

50.32 

12 

8 

15  I 

497. 90 

• 

CO  30'j  1  13  R 

*  v,  •     ' )     I.1J  Ik 

I 

48.64 

30 

20 

40  I 

505'  Q7 

(0.4*)  ? 

I 

47.50c 

25 

100 

8  V  E 

610. 94 

fO.M.  0  31  0  611  108  A » 

H 

46.33 

10 

10 

12  III 

616  . 36 

rii  o )  i  0  s(»  R 

I 

45.28 

40 

100 

40  V  E 

52L22 

(0.60)  1.26  B 

II 

48.  He 

5 

6 

5  m 

631.28 

1 

I 

41.40 

— 

2h 

53''.  21 

II 

38.42 

10 

80 

4  V  E 

M2, 35 

fO  211  1  00 

11 

34.95 

2 

251 

5fi'>.  19 

(0  001  1  43 

II 

33.4 

1 

lOhl 

576!  4 

II 

27.35 

2 

2 

604. 61 

I 

23.99 

1 

2h 

62o!  31 

II 

19. 87c 

100 

300 

150  V  E 

639!  59 

( o  001  0  70 

II 

15.06c 

8 

7 

15  III 

6T.2. 14 

O  311  1  37  R 

I 

* 

13.38 

100 

200 

200  V  E 

670.03 

'0.61,0.33)  6.83,  1.16,  1.49 

II 

05.78 

50 

100 

50  V  E 

70S  70 

/fl  <ai  0  80  1  R2 

11 

05.08 

6 

3 

10  III 

7<TI  09 

I 

* 

04.24 

6 

4 

10  III 

713  05 

I 

02.04c 

10 

10 

20  III 

7>3  43 

■  Ml.  ~%\* 

I 

01.65 

3 

725.27 

II 

4.  600.  59 

1 

6b 

101 

730  27 

II 

*  A 

4,596  19 

6 

6 

751  08 

I 

95  06 

1 

2b 

756  42 

II 

89.  69 

5 

5 

780  93 

I 

* 

87.14 

2h 

Ail 

793.99 

II 

81.20c 

10 

10 

12  III 

822. 25 

I 

80.05 

50 

150 

100  V  E 

82?!  73 

(0.00)  1.51 

II 

1  A 

74. 87c 

160 

200 

300  III  E 

8.12.  44 

UJ.-ir,  w.wevi  u.-*^,  u.vn,  l.Ji 

II 

70.67 

6 

10 

8  V  E 

871  08 

(0  43)  1.00  R 

II 

7a  02 

60 

50 

2501 

875i63 

(0.00)  1.34 

I 

67.90 

50 

40 

200  I 

ftft5  78 

(0.00)  1.24 

I 

64.850 

6 

4 

12  III 

900  41 

(ft  fKVl  1  4?  R 

I 

A 

62.  5 

1 

6b 

911  7 

Vila  f 

TT 

A  A 

59,28 

30 

100 

50  V  E 

927  18 

CO  00  0  1K1  1  A? 

II 

58.46 

100 

200 

250  HIE 

931. 10 

(0.00  W)  0.88  A> 

II 

52.47 

8 

8 

8  II  A 

959. 96 

(0  Mil  A  R7 

I 

50.76c 

8 

6 

10  III  A 

ft«U  21 

I 

50. 16 

4 

3 

5  III  A 

971. 11 

I 
A 

49. 50 

40 

30 

50  I 

21  974  30 

[n  ofii  1  nft 

I 

41.78c 

10 

8 

16  III 

22,011.65 

I 

4a  7i 

3 

10 

II 

38.87 

1 

8hl 

0'2  5. 76 

II 

37.57 

2 

2 

032^07 

T 

* 

30.54 

4 

15 

2  V  E 

0fi6  26 

II 

A  A 

28.88 

3 

2 

074.34 

I 

26.12 

100 

200 

200  III  E 

067.81 

(0,00  W)  1.01  A « 

II 

25.31c 

40 

100 

20  V  E 

091.76 

(0.46)  1.19  B 

II 

22.37 

200 

400 

500  HIE 

106. 12 

(0.00)  1.02 

II 

16.38 

2 

5hl 

135.44 

II 

08.48 

3 

10 

174.22 

(0.00)  0.90 

II 

07.4 

2 

2 

179.5 

I 

09.82 

1 

3hl 

187. 32 

II 

02. 16 

1 

lOhl 

205. 36 

(0.00)  1.47 

n 

01.57 

6 

4 

10  II  A 

208.26 

1 

4,500.21 

30 

30 

40  II 

22.214. 97 

(0.00  W)  1.10  A> 

1 

127984—32  10 
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Table  1. — Wave  lengths  and  Zeeman  effects  in  lanthanum  spectra— Continued 


X  (air) 
I.  A. 

Intensity 
arc  spark 

3.  S. 

Arc  Intensity 
uikJ  tempera- 
ture class 
K  and  C 

p  (vac.) 
era'1 

1. 400.04c 

10 

1 A 

1U 

10  in 

22.220.75 

08.76 

A 
* 

222.13 

07.00 

i 

A 
* 

233.83 

04.71c 

on 

1  ft 

Jo 

301 

242.16 

03.81 

5 

3 

10  IA 

246.61 

03.11 

It) 

in 

1U 

251 

250, 08 

0!.76c 

1 A 

a 
0 

15  III 

256.76 

86.  W 

If* 

III 

1 A 

20  III 

285.04 

84.48 

J 11 

202.90 

81. 21 

3 

25bl 

300.16 

79.83c 

O 

n 

15  II  A 

310. 08 

74.54 

A 

*. 

•» 

5  III  A 

342.42 

74.03 

4 

in 

1U 

344.06 

68.07 

1 A 

a 

0 

25  II 

370.  26 

50.10 

3 

410. 78 

55.  70 

£u 

Ml 

25  V  E 

43A.43 

55.21 

% 
« 

A 
m 

10  11  A 

4:iw.  35 

53.85 

2  IV  A 

446.20 

52. 15 

30  II 

449.78 

45.12 

2 

1 

2  III  A 

490.70 

43.04c 

0 

10  1 

401.  26 

41 68 

0 

12  II 

502.64 

33.84 

ft 

1U 

6  IV  E 

537.34 

32.05 

500  III  E 

652.03 

20.00c 

200 

400 

567.5/5 

27.62c 

30 

100 

40  V  E 

579.69 

23.00 

20 

15 

30  II 

608. 16 

10. 16 

.w 

6  V  E 

622.41 

17. 14 

6nIII 

632. 75 

13. 45 

2  III  A 

651. 67 

1122 

2b 

657.08 

11. 21 

1 
1 

9r.h  1 
X.ull 

(too.  1  i 

03. 02c 

A 
I 

A 
i 

8  III  A; 

705.33 

4, 402. 64 

K 
O 

1 

• 

15  III 

707.29 

4,307.04 

21V  A 

736. 21 

96.  i»C 

A  TV  A 
4  IV  A 

/Of.  OU 

06.31 

2  IV 

730.98 

03. 52c 

n 

6 

1 
1 

4  III 

754.42 

89.87 

ft 
<> 

A 

15  III 

773.34 

85.20C 

in 

W 

20VE 

707.59 

0*1     A  A 

83.  44 

20(?) 

100 

OH  V  V 

£0  V  Ejt 

fMKS.  49 

sa  55 

4 

2 

12  II  A 

821.79 

78. 10c 

1 1 
10 

15  IV  E 

834.56 

64.56c 

ok 

30  IV  K 

004.88 

63.05 

5 

501 

4  VE 

913.33 

60.80 

A 

f 

2  III  A 

024.84 

60. 40 

2 

2 

9  iir  k 

<  111  A 

(I'M  ?K 

57.88 

A 
3 

i 
1 

2  III  A 

04a  51 

56. 18 

1 

25  III 

949.46 

54.70 

20 

? 

956.79 

54.40 

60 

200 

80  IV  E 

22,058.84 

4a7'ic 

10 

6 

15  III 

23,  031.  20 

30.03 

6 

3 

6  III  A 

035.30 

37.78 

2 

101 

60VE 

046.81 

34.96c 

50 

10O 

061. 80 

33.760 

300 

500 

600  III  E 

068.19 

26.10 

2 

2 

108.55 

22.51C 

00 

100 

130  III  E 

128.22 

15.00C 

10 

30 

12  VE 

163. 65 

11.73c 

5 

4 

4  III  A 

186.05 

1306.00 

6 

5 

6  11  A 

23. 216. 00 

Zeeumn  effect 


(0.00)  1.02 
(0.00)  1.14 

(0.51)  0.27,  8J8,  0.01  us 
(0.00)  0.72  R 

(0.00)  1.16 
(0.00)  1.S2 

(0.40)  0.87 

(0.00,  0.66)  0.50,  1.17.  US 

(0.24)  1.41 
(0.00)  0.98 
(0.00)  1.18  h 

(0.00,  0.60,  1.19)  1.28,  1.86,  2.44 

(•.DO,  0.40)  0.51.0.91,  1.81 

(O.OOw)  1.06 
(0.00)  1.00 
(0.28)  1.04 

(o.ooh)  i.ish 
(0.00)  0.86 


(0.00)  1. 


07 
1.24 


(•.00,  0.40,  0.80)  0.28,  0.08,  1.08, 
1.48, 1,88 

(0.30W)  0.95 
(0.00)  1.28 
(OO.Oh)  1.32h 


(0.00)  1.08 
(0.00)  0.90 

(0.00)  l.OSh 

(0.00,  0.29,  0.57)  0.60,  0.97,  1.26, 

1.S4 
(0.17)  0.04 


(0.00)  1.10 

(0.00,0.60,  1.00)0.86,  1.36,  1.86, 
7..S6 

(0.50)  0.06  R 
(0.14)  1.40 
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Table  1. — Wave  length*  and  Zee  man  effect*  in  lanthanum  epeetra — Continued 


i 

X  (air) 
I.  A. 

Intensity 
arc  sparic 

B.  B. 

Arc  intensity 
and  tempera- 
ture class 
KandC 

rCjM.) 

Spec- 
trum 

4  304  11 

1  lOhl 

23.  227  10 

(0  OOta)  1  24h 

II 

00.62 

H.  N.  R. 

3 

245.94 

4.  300.  44 

40  60 

30  IV  K 

246.92 

(0.73.  1.48)  0.00.  0.72.  1.45.  2.18 

II 

4  296.05c 

100  300 

200 IV  E 

27a  67 

(0.00)  1.48 

II 

91.00 

2  2 

298.06 

89.  65 

H  N  R 

1 

805. 39 

j 

89.  01 

H.  N.  R. 

2 

308. 87 

I 

II 

80.67c 

80  300 

150  V  E 

319.96 

(0.00)  1.08 

80. 27 

60  40 

100  I 

356. 46 

(0.00)  1.14 

II 

75.  M 

50  100 

00  IV  E 

381.75 

(i.W,  0.35)  0.82,  1.17,  1.52 

71. 14 

4  3 

406. 39 

09.50c 

80  300 

150  V  E 

415.38 

(0.00)  1.20 

11 

67  74 

2  2 

425.04 

63.59c 

fiO  200 

100  V  E 

447  83 

(0.00)  1.12 

II 

62.35 

10  5 

15 II  A 

454  66 

(O.OOw)  1.19 

50.51 

—  2h 

470.30 

II 

56.02c 

6  5 

6  III  A 

484.68 

(0.00)  1.29  n 

M.  50 

—  3 

486.89 

II 

52. 93 

3  4 

50n  61 

II 

49.99c 

20  100 

25  V  E 

•  MM> 

522. 87 

(0.74)  0.50.  0.76.  L.9S.  L27.  1  53. 

II 

1.70 

48. 32 

—  2 

532. 11 

II 

41.20 

1  15hl 

571.62 

II 

38  59 
38.  38c 

4  m 

10  III  A 

586.  13 

I 

200  400 

400  III  E 

587.30 

(0.74)  0.56.  0.82.  1.98.  1.84.  1.60. 

II 

1.86 

30  95c 

20  150 

30  V  E 

628.72 

(0.80)  0.65,  0.85,  1.96,  1.28,  1.47, 

II 

1.67  ur 

17. 56c 

40  200 

80  V  E 

703.74 

(0.00)  1.22 

II 

16. 54 

4  3 

709. 47 

I 

10  22 

4  50hl 

745.06 

(0  OOfa)  1.02b 

II 

07  61 

**A 

04.03 

2  101 

759  79 

(0.27)  0.f,8h 

II 

40  100 

100  VE 

7801  02 

(0.00)  1.48 

II 

4, 201. 50 

fih 

794  34 

II 

4*  198  55c 

150  250 

300  III  E 

**W    AAA  MM 

822.41 

(0  32  1.84)  0  51.  0.82.  1.13.  1  44 

II 

94.36 

4  30h 

834.  85 

(O.OOh)  (l.OHh) 

II 

93  24 

1  5 

84a  64 

(0.25)  0.64 

II 

9X72 

H.  N.  R. 

2 

844.17 

I 

92  35c 

40  100 

80  V  E 

846.27 

(0  00)  1  06 

II 

87.31 

50  30 

125  I 

874.  98 

(O.OOw)  1,16  A* 

I 

80.97 

2  121 

911. 18 

II 

77  48 

15  10 

30  I 

931  15 

(0.00)  1  50 

I 

72.32 

6  4 

10  III  A 

96a  75 

I 

71. 13 

6  4 

8  III  A 

23  9f.7  58 

I 

63.31 

5  4 

8  III  A 

24, 012  60 

I 

61  94 

2  8h 

02a  51 

(O.OOh)  1.02 

II 

60.  2fi 

20  10 

30  I 

03a  21 

(O.OOW)  1.65  w 

I 

57.52 

6  5 

10  II  A 

046.04 

I 

54. 59 

—  2b 

0C3.00 

II 

5178 

40  100 

40  IV  (T)  E 

073. 49 

(0.43.  084)  0.27.  9.17. 1.98.  1.48 

II 

6L  98c 

100  250 

300  III  E 

1U  Mem 

078.  13 

(0  29)  0  50.  9.7? 

II 

50.24 

2  2 

088.22 

I 

48.2 

-  4h 

loai 

II 

44.36 

4  2 

122.40 

I 

43.92 

5  (?) 

12  III  A 

124.96 

I 

43.77 

6  15 

125.83 

II 

41.73c 

80  200 

{«}  IV  B 

137.  72 

(0.00 W)  l.SOw 

II 

37.91 

-  2 

iea  00 

II 

37.05 

20  10 

40  I 

165.02 

(0.00)  1.22 

I 

33.33 

-  6hl 

186.77 

(0.00)  0.97 

II 

32.50 

1  lObl 

19L63 

(O.OOh)  0.83h 

II 

31.74 
4,122.28 

-  5h 

19a  08 

(O.OOh)  1.13h 

II 

200  400 

600  III  E 

24,246.01 

(0.00)  1.05 

H 
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Table  1. —  Wave  lengths  and  Zeeman  effects  in  lanthanum  spectra — Continued 


X  (air) 
I.  A. 

Intensity 
arc  spark 

B.  S. 

Arc  intensity 
an  i  tenijwra- 
ture  class 
K  ana  c 



9  (vac.) 
cm-' 

Zeeman  effect 

.  »• 

Spec- 
trum 

4.117.67 

8 

5 

20  III 



24. 278. 75 

(0.00)  0.03 

I 

15.35 

lb 

292,44 

11 

13.28 

2 

401 

TV* 

304.66 

(0.00b)  1.09h 

II 

00.80 

10 

s 

20  I  A 

325.24 

(0.00)  1.04 

I 

00.48 

A 

V 

3 

15  11  A 

827.14 

(0.00)  1.28 

I 

IH.  8/ 

30 

20 

An  t 
QU  1 

im  jr. 

jo*.  %o> 

IV. no,  v.to)  U.ad,  U.0»,  u.»»  UT 

j 

4, 101.01 

3h 

377.38 

> 

II 

4, 000.64c 

150 

60  V  E 

38*.  12 

(0.00)  0.77 

II 

98.  73 

1 

* 

3W.94 

i 

II 

9tt  40 

2 

1 

* 

44a  61 

I 

SV.  01 

25 

12 

I 

86.72 

200 

300 

400  III  E 

412.62 

(0.32)  0.79  w 

II 

79.17 

20 

10 

40  I 

607.90 

I 

77.35c 

21X1 

300 

400  III  E 

518  84 

(0.00, 0.32)  0.57.  0.80. 1.M 

II 

76,71 

10 

40 

30  IV  S 

622  68 

(O.OQ,  0.31,  0.02)  0.79,  1.08,  1.38, 

II 

1.89 

67. 39c 

60 

100 

125  IV  E 

578.88 

(0.00W)  1.14  A> 

II 

65.68 

15 

5 

30  II 

589.  82 

I 

64.79 

25 

15 

50  11 

694.  60 

(O.OOw)  1.03  A  i 

I 

60.33 

80 

20 

60  II 

621.61 

(O.OOw)  1.10  A> 

I 

58.08 

2 

51 

635.26 

(0.45)  1.06,  1.47U* 

II 

5a  08c 

50 

200 

60  V  E 

683. 92 

(0.00)  1.02 

II 

42.91 

160 

300 

300  IV  E 

727.70 

(0.00)  0.09 

II 

40.97 

2 

1 

50  I 

739.57 

I 

37.21 

26 

10 

762  61 

(0.00)  0.80 

I 

36.59C 

7 

15d 

8  V  E 

760,41 

(0.00)  1.54 

II 

31.68 

ioo 

300 

300  III  E 

796.57 

(0.00)  1.15 

II 

25. 87 

20 

50 

40  IV  E 

832  36 

(O.OOW)  1.37  A» 

II 

23.58c 

10 

40 

15  IV  E 

Hid  49 

(0.00)  1.07 

II 

20.19 

9h 

867.44 

II 

15.39 

25 

16 

50  I 

897. 17 

(t.18,  0.31)  MO,  1.10, 1.30, 1.48QT 

I 

07.64 

1 

7h 

»  ■ 

945. 32 

(O.OOW)  1.01b 

II 

4,001.38 

2 

2 

24, 984. 34 

I 

3,995.74c 

200 

400 

600  III  E 

25, 019. 61 

(0.30)  O.OOw 

II 

94.60c 

4  - 

in 

027.37 

(a57h)  1.25h 

11 

88.51c 

300 

500 

800  III  E 

064.96 

(0.00)  1.32 

II 

81.36 

2 

101 

109.97 

(0.38)  0.08  b  US 

11 

79.08 

1 

81 

124.35 

(0.00)  1.26 

II 

03.04 

1 

A 

51 

■ 

224  04 

(O.OOw)  0.82h 

II 

62.03 

1 

A 

101 

232  47 

(0.00)  1.10b 

II 

58.53 

2 

254.78 

II 

57.25 

2 

262.95 

1 

(O.OOh)  1.29b 

II 

56.07 

i 

A 

4 

27a  48 

II 

55.21 

ah 

275.98 

(aOQ)  1.16 

II 

53.67 

10 

5 

40  11 

285.83 

I 

53.36 

2 

t 

■  * 

287.81 

(0.00)  1.06 

II 

51.43 

1 

3b 

300.16 

II 

49. 10c 

*»\nj 

Ann 

1000  III  E 

315.09 

(0.00)  1.13w 

II 

44.15 

o 

m 

3 

340.86 

(0.00)  1.18b 

II 

39.85 

374.52 

(0.21)  1.27b 

II 

36.22 

OH 

AO 

60  IV  E 

397.92 

(0.08,  0.25, 0.48)  0.86, 1.10,  IM,  IM 

II 

32  63 

3 

101 

421. 75 

(0.44)  1.06  B 

II 

30.47 

3 

500  III  E 

435.07 

(0.00)  0.02 

II 

29.22c 

100 

300 

443.17 

(0.00)  1.20 

II 

27.66 

30 

10 

80  I 

463.92 

(aOO)  0.76 

I 

25.  0W 

1 

6 

469.94 

II 

t 

24.09 

3 

472  63 

(O.OOh)  0.72b 

II 

21. 64c 

70 

200 

300  111  £. 

■I'll.  1W 

(d  nil    .1  JUtt  fl  11    l  ifi    1  a  J 

1 0.1M3,  0.OO)  0,52,  1.18,  1.54 

TI 
11 

16.06c 

80 

300 

400  III  E 

628.73 

(0.38;  9.61,  0.88 

i! 

ia8i 

4 

101 

15  IV  (?)  E 

602.94 

(0.00)  1.04 

3.902.67 

5 

3 

20  II 

616.91 

I 

3,898.60 

8 

4 

40 11 

642.99 

I 

97.43 

2 

4 

650.70 

II 

95.65 

8  IV 

662.42 

Fe(?) 

92.47 

3 

683.37 

(O.OOh)  1.4h 

II 

92.05 

3 

<to6.  15 

II 

3, 88a  37 

5 

160 

400  III  E 

26, 723. 69 

(0.00 W)  1.62  A> 

II 
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Tablr  1. — Wave  lengths  and  Zeernan  effect*  in  Idntkanum  spectra— Continued 


X  (air) 
I.  A. 

Intensity 
arc  spark 

B.  S. 

Arc  intensity 
and  tempera- 
ture class 
K  and  C 

*  (vac.) 
cm-J 

Zeeman  effect 

Spec- 
trum 

3,885.00 
71.84 
08.35 
04.40 
63.11 

1  4 

100  200 

-  3h 
6  1001 

—  2 

300  in  (?)  E 

26,739.16 
821.56 
843,  52 
MO.  33 
878.87 

(0.00)  1.08 
(O.OOh)  1.10b 

II 
II 
II 
II 
II 

00.81 
54.01 
40.02 
46.00 
4ft  72 

—  2 
16  30 
40  100 
10  20 
40  60 

200  III  (7)  E 
20  V  (?)  R 
60  V  (?)  E 

897.34 
933. 62 
973.30 
25,  993.  89 

(0.00)  1.50 
(0.00)  0.69 
(0.36)  1.11  B 
(0.00)  1.04 

II 
II 
II 
II 
n 

36.4 

35.00 

17.24 

16.25 

14.1 

-  1 
15  50 

1  8h 

2  lOh 

—  2 

20VE 

068.7 
067.04 
189. 53 
196.33 
211.1 

(0.00)  1.49 
(0.00)  0.82h 
(0.00  h)  0.68 

n 
II 
II 
n 
ii 

08.70 
07.1 
0«.8 
8,801.0 
3,708.10 

10  15 

—  1 

—  2h 

-  1 

-  2 

247.03 

259.3 

276.2 

301.4 

320.88 

(O.OOw)  1.18h 

n 
n 
n 
n 
ii 

04.78 
90.83 
84.81 

80.67 

150  400 
100  300 
8  15 

—  1 

20  50(?) 

000  HIE 
000  III  E 
20VE 

50VE 

344.54 
871.99 
413.93 
426.15 
442.85 

(0.00)  1.16 
(0.00)  1.00 
(0.17)  0.70 

(0.00)  1.54 

n 
n 
n 
n 
n 

80.63 
73.12 

sts 

M.58 

5  50(?) 
10  1501 
1  3h 
1  5h 
1  3h 

■  » 

443.84 
405,77 
524.87 
53M,  46 
641.77 

(O.OOh)  0.92h 
(0.00)  1.00b 

(0.47)  1.24  B 

n 
n 
ii 
ii 
ii 

50.08 
53.04 
47.96 
44.85 
80.41 

100  300 

-  2b 

1  51 

-  2h 

2  151 

ooo  mE 

604.72 
637.52 
673.63 
695.  78 
760.08 

(0.00)  1.25 
(0.00W)  0.90h 
(0.37)  1.20  B 

n 
ii 
n 
ii 
n 

35.85 
35.09 
31. 42 
28.97 
25.05 

6  10 

—  1 

1  8h 

—  2h 
10  20 

20  IV  E 

4orvr  E 

780.09 
765.53 
791.86 
809.46 
837.67 

(O.OOw)  O.OOd 

(0.09,  0.38,  0.75)  0.70,  1.16, 1.53, 
1.90 

n 
n 
ii 
ii 
ii 

24.77 
20.75 
17.99 
15.53 
14-87 

-  2 
1  2 
20  50 
10  40 

2V 

80  IV  E 
60  V  E 

839.69 
868. 69 
888.63 
906.44 
911.22 

• 

(0.40,  0.72)  0.80,  1.13,  1.44,  1.79 

(0.00)  1.50 

n 
ii 
ii 

11 

14.30 
13.54 

10.61 

05.81C 

0154 

2  2 
30  100 

—  2 
25  80 
10  4 

300  IV  E 

125  V  E 
40  II 

918. 34 
920.85 

942. 11 
977. 01 
26.988.25 

(0.00,  0.34,  0.68)  1.00,  1.35,  1.69, 

(0.00)  1.51 
(0.00)  1.08 

a 

i 

n 

ii 
ii 

i 

3,701.81 
3, 699.  57 
96.11 
95.2 
94.27 

4  401 

4  2 

—  2h 

—  2h 
2  7h 

4  V  E 
12  III  A 

27,006. 15 
022.51 
047.80 
054.5 
061.27 

(O.OOW)  0.73A1 
(0.38)  0.88h 

ii 

i 

ii 
ii 
ii 

92.31 
78.24 
75.22 
72.02 
70.23 

—  2h 

—  2h 

8  4 
1  4h 

30  III 

075.64 
179.20 
201.51 
225.24 

238.52 

(0.30)  1.06 

ii 
ii 

i" 

ii 

89.27 
05.22 
02.08 
58.40 
3,058.04 

—  3h 
2  101 

15  30 
1  3 

—  1 

50  IV  E 

246.65 
275.75 
299. 14 
326  60 

27, 32V.  29 

(O.OOd)  1.92d 
(O.Ofl)  1.16  B 
(0.00)  1.0 

n 
ii 
ii 
ii 
ii 
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Table  1. — Wave  lengths  and  Zeeman  effects  in  lanthanum  spectra — Continued 


X  (air) 

I.  A. 

Intensity 
arc  spark 

B.  8. 

Arc  Intensity 
and  tempera- 
ture class 
K  and  C 

w  (vac.) 
cm-1 

8p*c- 
tnun 

3,  MX  62 

—  lh 

27,809.84 

II 

50. 19 

25  80 

125  VE 

388.08 

(0.48  0J1)  0.29,  0.78.  1.18,  1.62 

II 

40.06 

10  6 

40 II 

392.86 

(0.00)  1.00 

I 

46.43 

60  200 

400  IV  E 

423.82 

(0.00)  0.66 

n 

41.66 

10  501 

462.21 

(0.00)  1.21 

u 

41.53 

»(?)  (7) 

100  II  <+E) 

453.19 

(0.00)  1.01 

I 

41. 10 

—  2 

450.43 

II 

30.26 

1  3b 

47a  39 

II 

37.16c 

10  40 

60  V  E 

480.26 

(0.00)  1.61 

u 

36.67 

6  2 

40  III 

489.88 

I 

29.09 

1  2hl 

54a  46 

u 

28.83 

20  60 

125  IV  E 

549,27 

(0.0OW)  1.08  A » 

II 

21.77 

2  4 

4  V  E 

602.97 

II 

2a  16 

1  1 

615.24 

H 

18.60 

—  1 

627.16 

II 

13.08 

10  4 

30  II 

869. 36 

(0.00)  0.97 

I 

12.34 

5  60 

8  V  E 

675.02 

(0.00)  1.11 

II 

11.08 

1  2 

684  60 

(0.00)  1.57h 

II 

10  26 

4  301 

691.04 

(0.00)  1.02 

II 

09.22 

—  4 

698.95 

(0.00)  1.00 

II 

08. 18 

—  4 

708.93 

(0.O0W)  1.08  A  » 

II 

08.42 

—  4hl 

72a  45 

II 

3,  601.  07 

5  20hl 

15  V  E 

761.63 

(0.00)  1.18 

II 

3,  598.  93 
96.66 

3hl 

778. 14 

(0.00)  1.15 

11 

-  4hl 

795, 75 

(0.00)  1.22 

II 

03.29 

2  V  E 

821.74 

92.42 

—  2h 

828.48 

II 

90.no 

—  lb 

84111 

II 

86.63 

—  2 

881.95 

(0.00)  1.26 

II 

81.68 

1  20bl 

911.92 

(0.00)  0.74 

II 

80. 10 

—  8b 

924.  24 

(0.00)  1.52 

II 

78.89 

—  5h 

933.68 

(0.00)  1.44 

II 

76.66 

-  2hl 

951.88 

II 

74.43 

20  6 

50  II 

27,968.53 
28,00138 

(0.00)  0.83 

I 

m  10 

(?)  30bl 

(0.00)  1.08 

II 

67.26 

3  8 

103.63 

II 

60.82 

3  6 

15  IV  (?)  E 

164.49 

II 

36.37 

—  3h 

269,53 

II 

33.67 

-  3h 

291.13 

II 

30.67 

4  8 

20  V  (?)  E 

316.17 

II 

26.77 

—  2b 

346.48 

II 

2a  72 

2  IChl 

395. 19 

(0.00)  0.88 

II 

17. 14c 

5e  200 

—  V  E 

424.09 

(0.73)  1.36 

III 

14. 87 

-  2b 

44145 

II 

14.07 

6  3 

20  II  A 

44a  92 

I 

12.93 

5  10 

25  IV  E 

458  16 

(0.53)  1.10 

II 

10.  00 

6  15 

25  IV  E 

481. 91 

11 

flu 

.  to.  n 

II 

3,493.97 

-  2h 

61158 

(0.00)  1.33 

II 

84.39 

2  101 

691.25 

II 

HO.  61 

3  2 

v  m 

8  III  A 

722.  40 

fl  mm*  w\J 

I 

74.84 

2  81 

770  10 

II 

66.  46 

-  lh 

839.64 

II 

62.32 

-  2b 

874.13 

II 

61.18 

10  3 

25  III  A 

883,64 

I 

6tt31 

2  51 

89tt  90 

II 

53.  1/C 

40  60 

/O  111  K 

n  tn  r  n 
liftO.  A3 

(O.U3)  0.37,  0.6S,  l.vf,  1.11,  1.03, 

IT 
11 

52  18c 

30  40 

50  III  E 

958.04 

(0.00)  0.95 

II 

51.12 

31 

9«7.83 

II 

60.65 

5  2 

12  III  A 

28,971.78 

I 

32.81 

2  5 

29.12134 

II 

27.57 

2  8 

160. 85 

II 

2-19 

3  5 

198.1 

II 

22.44 

1  2 

2ia  87 

11 

3, 42tt  54 

1  5h 

29.  226.  80 

II 
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Table  1. — Wave  lengths  and  Zeeman  effects  in  lanthanum  spectra — Continued 


x(alr) 
I.  A. 

Intensity 
arc  spark 

B.  §7 

Arc  inieusiij 
and  tempera- 
ture class 
Kand  C 

Zeeman  effect 

Spec- 
trum 

3,4*1.  70 
07.00 
3, 404.53 
3,398.29 
97.77 

2 
1 

10 
1 
4 

20hl 
8bl 
3 

2b 
40hl 

15  III  A 
4  V  E 

29,302.01 
342.95 
354.24 
418. 15 
422.05 

(0.00  w)  1.48 
(0.00)  1.50 

(0.24)  0.85 

II 
II 

I 

II 
II 

92.94 
90.40 
88.01 
SI.  42 
80.91 

1 
1 
0 

200 

4h 
4h 
2 

300 

12  II  A 
15  II  A 
400  III  E 

404.54 
480.01 
502.18 
504.92 
569.30 

(9.89,0.37)  9.71,1.11,1.47 

II 
II 

I 
I 

II 

70.33 
74.89 
K8  30 
04.88 
02.04 

40 
I 

3 
2 
7 

50 
3 

3 

40  in  E 
12  III  A 

009.49 
622.  12 
679.54 
710.24 
735.33 

(0.00)  0.88 

II 
II 

I 
I 
I 

57.50 
51.89 
49.82 
44.50 
42  23 

5 

2 
150 
10 

2 
8 

200 
5 

7  III  A 

3  III  A 
300  III  E 
20  II  A 

775.54 
825.37 
843.80 
890.73 
911. 67 

(0.00)  0.53 
(0.00)  1.08 

I 

II 

I 

II 

I 

37.49 
29.07 
2ft.  21 
25.33 

iao2 

200 
2 
1 
1 
1 

300 
8 
5 
3 
4 

500  III  E 

29,  954.  05 
30,029.81 
055.03 
063.59 
197. 10 

(O.OOw)  1.12  A> 

II 
II 
II 
II 
II 

00.98 

3,  ?.ai  i  ic 

3,298.72 
97. 15 
94.44 

7 
100 

1 

1 

8 
150 
5h 
3 
10 

10  IV  E 
200  III  E 

230.40 
285. 82 
30ft  09 
320.52 
345.40 

(0.00)  1.77  R 
(1.00)  0.51,  1.11 

■ 

n 
ii 
n 
ii 
n 

83.95 

77.83 

07.31 

05.07c 

03.98 

1 
1 

80 
2 

8h 
4 
3 
300 
5 

150  III  E 

442.39 
499.23 
597.43 
812.79 
828.04 

(0.48,         0.82,  1.17,  141,  1.86 

ii 
n 
ii 
n 
n 

50.00 
53.41 
49.35 
47.00 
45.13 

2 
2 
AO 
5 
100 

1 

10h 
80 
2 
150 

100  III  E 
8  11  A 
200  III  E 

89*.  05 
728. 16 
786.64 
788.24 
806.56 

(0.00)  0.65 

(8.99,  0.50),  148,  0.94,  1.44 
(0.00)  1.04 

i 

ii 
ii 

i 

n 

35.00 
20.03 
24.71 
17.12 
15.81 

3 
1 

2 
10 

2 
2 
1 

8h 
2 

5  III  A 
15  II  A 

890.71 
30,  988.  93 
31, 001.02 
074.76 
087.42 

(0.00)  1.13 

i 

n 
n 
n 

i 

12.50 
09. 13 
08. 13 
05.  75 
3.204.55 

1 
2 
1 
3 
1 

5 
0 
0 
4 

3 

118.86 
152. 12 
161.83 
184.96 
196.64 

n 
ii 
ii 
n 
ii 

3,194.70 

93.02c 

91.39 
79.78 
75.99 

15d 

1 
4 

8 

2 

25 

10b 
2 
2 

/   10(?)  IV  E 
\  15(?)IVE 

8  III  A 
15  II  A 

292.83 

}  309.29 

325.28 
439.65 

477.17 

(0.09, 0.98)  0.61, 1.58,  *.S4 

n 
n 
n 

i 
i 

74.88 
71.08c 
00.20 
05. 19 
00.50 

1 

8e 
1 
1 
1 

lOhl 
3O0 
2 
4 
3 

—  V  E 

488. 18 
519.94 
573.90 
584.67 
630.84 

(0.37)  849,  1.76 

n 

in 

n 
n 
n 

57.58 
50.35 
48.51 
45.7 
3,142.76 

1 

4 

1 

30 

2 
2 
2 

?b 
40 

4  III  A 

50  IV  E 

880.69 
873.02 
751.89 
78ft  3 
31.809.98 

n 
n 

i 

n 
ii 
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Table  1. — Wave  lengths  and  Zeeman  effects  in  lanthanum  spectra — Continued 


A  {lllr J 
T  A 

Intensity 
arc  spark 

B.  S. 

Arc  intensity 

an<i  irmpvifl- 

li.  ana 

9  ^vnc.  * 

Zeeman  effect 

"Pac- 
ini m 

3. 132. 14 

—  3 

31, 917.83 

n 

30.25 

—  2 

937. 10 

ii 

25.  72 

1  4hl 

31,963.39 

IT 

12.63 

1  8h 

32, 117.88 

II 

00.  42 

8  3 

1211  A 

151.04 

I 

OH.  44 

6  8 

5  IV  E 

160.97 

II 

3. 104. 58 

40  50 

60  IV  E 

201. 16 

(0.00  W)  1.50  A  » 

n 

3.096.02 

8  2 

10  II  A 

290. 19 

i 

94.  76 

—  4h 

303.34 

ii 

88.  S3 

—  4h 

• 

308.49 

ii 

81.42 

1  4h 

443. 18 

n 

75. 51 

—  4h 

505.  52 

ii 

69.  45 

—  3 

569.69 

n 

68.96 

—  4 

575.09 

ii 

59.91 

1  8 

671.23 

ii 

54.02 

2  6 

734.24 

n 

49.39 

2  5 

783.94 

ii 

45.63 

—  1 

824.41 

n 

36.43 

I  2 

923.86 

ii 

35. 8C 

—  1 

32.930.69 

ii 

38.64 

-  2 

S3. 008.  M 
038.65 

n 

25.  S8 

—  4(?) 

ii 

22.26 

1  Sbl 

078.22 

n 

18.95 

1  6hl 

114.48 

ii 

10.78 

4  3 

2  IV  A 

204.34 

i 

07.32 

2  5 

242.54 

ii 

04. 6S 

—  5h 

271.74 

n 

3.001.41 

2  — 

307.99 

i 

2.992.99 

2  — 

401.69 

i 

85.70 

1  2 

• 

482.57 

ii 

85.43 

2  5 

486.27 

n 

84.33 

2  3 

49"*.  61 

n 

83.44 

—  3 

508.61 

ii 

76. 83 

—  3 

5S3. 01 

ii 

71. 4* 

—  1 

643.47 

ii 

66.55 

1  4 

rt99. 3S 

ii 

66.08 

—  2 

"04.  72 

ii 

82.90 

2  15 

740  f9 

II 

69.85 

2  5 

775  65 

ii 

58.71 

—  1 

788.67 

n 

51.46 

1  3 

H71.66 

n 

50.  60 

8  50 

2  V  E 

8«2. 68 

(0.00)  1.04 

ii 

4*.  82 

—  1 

901.99 

ii 

43.  56 

1  6h1 

33. 962. 57 

ii 

39.  61 

—  3h 

34, 007. 85 

ii 

29.  «0 

1  7 

121.37 

ii 

25. 15 

1  5b 

176.31 

ii 

23.90 

2  20 

190.92 

(0.00)  1.23  (') 

ii 

13.60 

—  2 

311.78 

ii 

10.05 

—  1 

353.63 

ii 

09.65 

2  — 

3.58.36 

i 

05.53 

I    .  4hl 

407.07 

n 

2.904.62 

1  — 

417.85 

i 

2,899.80 

1  4hl 

475.06 

ii 

97.76 

2  5hl 

499.32 

ii 

QO  Oft 

in  fin 

1  V  F 

(0.00)  1.12 

ii 

89.  11 

—  1 

A02.61 

ii 

85. 13 

10  50 

4VE 

650  35 

(0.00)  1.04 

ii 

83.35 

—  1 

671. 74 

ii 

80.65 

8  40 

3  VE 

704.23 

(0.00)  1.18 

ii 

76.55 

—  1 

753.  69 

ii 

74.28 

—  3 

781. 14 

ii 

73.20 

—  2 

794.21 

ii 

67.47 

1  2h 

863.74 

ii 

2,862.98 

5  lib] 

IV  E 

34,918.41 

ii 
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Tablb  1—  Wave  lengths  and  Zeeman  effects  in  lanthanum  spectra — Continued 


1 

X  (air) 
I.  A. 

Intensity 
arc  spark 

B.  S. 

Arc  intensity 
and  tempera- 
ture class 
K  and  C 

9  (vac.) 

COT"' 

Zeeman  effect 

1 

Spec- 
trum 

2,8*2.37 

8 

34. 925. 84 

II 

59.76 

• 

5 

84. 957. 73 

n 

45.00 

10 

50b! 

1  VE 

85,004.97 

n 

43.72 

i 

031.71 

n 

i 

£ 

no.  47 

TT 
AX 

48.34 

6 

097.88 

n 

46.67 

1 

X 

5 

118.47 

n 

43.47 

1 
j 

4 

156.51 

n 

4tt  51 

3 

25hl 

194.62 

n 

•Jw  Aft 

3 

51 

4>*U,  JO 

TT 
XX 

32.58 

i 
x 

5 

293.77 

II 

24.82 

1 

377.57 

n 

24.51 

i 

# 

5 

381. 45 

n 

21.03 

1 

5 

437.64 

ii 

10  7S 

If.  1  w 

1 

2 

- 

IT 

18.40 

i 

3 

■ 

470.70 

• 

n 

17.46 

2 

— 

482.44 

T 

14  34 

j 

6 

.moo 

• 

ii 

13.72 

2 

K 

9 

n 

1 

3 

o*>5.  1  (5 

TT 
XX 

09.34 

i 

4 

2 

AM.  96 

II 

08.39 

Aft 

150 

10  V  E 

597. 13 

ff\  AA\   1  |U 

n 

07.20 

1 

612.22 

ii 

04.58 

3 

5 

632.78 

ii 

9  fiAi  its 

2 

4 

All  Srt 
trio.  9U 

TT 
XX 

2,788.44 

D 

O 

40bl 

1  V  E 

722. 15 

/a       i  no 

a 

n 

96.40 

* 

6 

749. 75 

ii 

94.03 

A 

1 

780.07 

i 

91. 51 

8 

24 

812  37 

(0.00)  1.04E 

ii 

R1  IS 

1 

TT 
IL 

80.23 

4 

20 

967.66 

n 

79.78 

10 

963.48 

u 

78.76 

10 

35.976.68 

ii 

73.86 

1 

36,  040.  23 

ii 

67  40 

i 

8 

194  Vi 

ii 

66.46 

1 

186. 62 

i 

61.56 

7 

1 

1 

200.74 

i 

61. 10 

1 

4 

6 

206.77 

n 

60.51 

1 

3 

214.61 

ii 

4 

1 

997  oj 

Ml. 

49.14 

3 

232.49 

ii 

48.65 

3 

238.93 

ii 

56.57 

2 

m 

260.27 

i 

44  57 

1 

279.43 

ii 

1 

10 

aiiL  4i 

ii 

49.52 

359.25 

I 

48.31 

i 

1 

375.26 

II 

39.25 

4 

1 

495.56 

I 

87.49 

3 

1 

619.03 

aa  so 

2 

vr.  on 

TT 

84.41 

3 

533.44 

II 

82.40 

1 

10 

687.05 

II 

3a  15 

2 

617.20 

I 

29.85 

5 

2 

621.22 

27.5 

2 

662.8 

II 

26.48 

1 

666.49 

n 

25.47 

15 

3 

678.73 

22.31 

6 

2  1 

722.65 

21.44 

2 

734.25 

ii 

17.33 

2 

789.90 

15.77 

3 

811.08 

15.43 

1 

lObl 

815.68 

ii 

14.52 

8 

1 

828.03 

12.51 

1 

855.32 

ii 

2,710.69 

4 

1 

36,880.06 
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Tablb  1.— Wave  lengths  and  Zeeman  effect*  in  lanthanum  $pectra—  Continued 


I.  A. 

Intensity 
arc^  spark 

2,709.92 

— 

8 

07. 07 

3 

1 

06.49 

— 

2 

2,702. 13 

6 

8 

2,094.47 

16 

35 

94.21 

— 

5 

91.  CO 

— 

1 

87. 75 

— 

2 

84  90 

SOhl 

84.11 

6 

1 

82.46 

— 

30h] 

81. 49 

4 

10 

79.87 

— 

4h 

77  77 

2 

75.66 

2 

5 

73.74 

1 

3 

72.90 

30 

72.08 

- 

2 

71.01 

2 

mos 

2 

06. 54 

1 

3 

68. 18 

2 

6 

65.62 

— 

4 

64  76 

1 

3 

6i78 

lb 

61.  66 

1 

8 

61.36 

1 

4 

53."  48 

2 

— 

3O0hl 

49.61 

1 

47. 36 

1 

4 

47!  13 

2 

— 

44.70 

— 

1 

42.27 

1 

40.15 

1 

* 

39.00 

1 

5 

36  66 

— 

1 

2 

8 

3L&2 

V  4U  **• 

1 

4 

2a  01 

2 

7 

17  29 

— 

1 

16.32 

2 

7hl 

*4*»  v/»» 

1 

4 

10.34 

50 

150 

04.18 

1 

02.87 

— 

1 

0L  79 

1 

5 

00. 86 

— 

2 

2  600  33 

1 

4 

2,  596.  32 

1 

3 

06.08 

6 

20 

92,  87 

3h 

86.  35 

•nib  4PV 

2 

10 

82.  96 

1 

8 

8Z55 

2 

6 

80.82 

3 

8bl 

77.92 

2 

73.47 

2h 

66.09 

3 

lOhl 

61.84 

2 

201 

00.37 

10 

50 

68.99 

3 

58  72 

2 

63.41 

3h 

2,552.60 

7 

Arc  Intensity 
and  tempera- 
ture class 
K  and  C 


¥  (vac) 


3C,  890.  54 

929.38 
937.29 
36,  996.88 
37,088.29 

106.64 
141.62 
194.81 
234.29 
245.25 

268.  16 
281.64 
304.17 
333.43 
362.87 


.70 
401.45 
413.20 
415.30 
441.37 

49a  65 
495.71 
503.  59 
516  83 
544.29 

559.38 
563.61 
675. 16 
701.87 
730.18 


765.  53 


834.96 
865.37 

881.87 
915.48 
963.47 
37,989.  54 
38, 156.42 

196.07 
2ia  23 
257.46 
297.76 
388.35 

407  66 

423.60 
437.  34 
445.  18 
504.55 

508.11 
555.78 
652.  97 
703.70 
709.85 

735.79 
779.  36 
846. 42 
3H.958. 13 
39, 022. 75 

045. 15 
066.  21 
070.33 
15L57 
39, 164.  00 


Zeeman  effect 


Spec- 
trum 


II 

II 
II 
II 

II 
II 
II 


III 

II 
II 

I 

II 

II 
II 
II 

I 

II 

II 
II 
II 
II 
II 


ii 


II 

II 

II 
II 
II 

II 
II 
II 
II 
II 

II 
II 
II 
II 
II 

II 
II 
II 
II 
H 

II 
II 
II 
II 
II 

II 
II 
II 
II 
II 

II 
II 
II 
II 
II 
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Table  \.~Waoe  lengths  and  Zeeman  effects  in  lanthanum  ipectra^Continued 


X  (air) 

I.  A. 

Intensity 
arc  spark 

B.  S. 

Krc  liitpnsifv 

A1V  HM Will n  1  \  J 

Jtn<i  t**iniM»rR- 

04J  \  4                 ^*Vt  El 

turp  olass 

K  and  C 

OO 

Zeeman  effect 

trum 

—  2 

39,  167.  88 

ii 

4*  4ft  |A 

A  onUl 

4  20hl 

259.  35 

ii 

40 

—  0 

321. 11 

ii 

4ft  1  A/1 

4L  00 

1  4 

nnl     41 0 

333. 49 

ii 

38.40 

383.07 

ii 

JO.  70 

4  OH.  53 

OA  fjU 
Of,  1*3 

n  4* 

a  6 

430. 21 

ii 

*X  14 

1A  11 

10  w 

464.84 

ii 

3L  GO 

488.84 

n 

30.26 

Z  i 

609. 76 

ii 

AA  O  j 

27.  M 

547.  58 

II 

IM  AA 

23. 07 

1  5nl 

622.  34 

ii 

IV.  ZZ 

1A  CA 
10  SO 

682.  89 

ii 

■WW 

1  K  TA 

1A  79 

4 

to  4»  rwi 

736  99 

1.4  KA 

1A  69 

~~  3 

755.  95 

w 

2,601. 18 

l  I5hl 

969.08 

II 

i,  4W.  6tf 

1 

39,  992.  91 

II 

Ar  OA 

* 

4lA    Af  A  04 

40,054.  91 
069.  68 

II 

IM.  W 

II 

ay  in 
97.  OV 

1A  4A 

10  40 

187.  42 

u 

83.00 

1  5hJ 

26L71 

II 

7V.  so 

or  loi 

Oil  Of 

312.85 

II 

78. 8 

329,  9 

III 

/U.  /* 

tnni.i 
—  IvUQl 

<]4  0  ftft 

363.  79 

trr 
III 

74.  X) 

•  ^ 

400.  00 

II 

72.44 

1  10 

433.65 

II 

71  Oft 

1  ft  OA 

1  If]  .A 

44i  49 

II 

71  npx 

—  0 

456. 23 

II 

7A  ftft 

70.  oo 

—  3 

464.  58 

II 

no.  11 

|  | 

604.58 

II 

68.15 

2 

668.69 

II 

ftl  go 

1 A 

—  10 

706.  28 

II 

•  A  OO 

04.  «SU 

• 

—  1 

732.48 

II 

02.  79 

i  a 
1  8 

758.66 

II 

jr  *  in 

•  A 

  4 

777.80 

II 

4AM 

-  10b 

878.04 

I 

II 

43.  14 

—  la 

91853 

II 

44.  HI 

—  3 

AAi  OO 

924. 22 

II 

AM.  UW 

A 

  £ 

(lL>41  43*1 

986.  63 

II 

SB.  44 

1 A 

—  10 

JO  OlW  OA 

40.  997.  Si 

II 

38.02 

2  20 

41.004.46 

II 

*7  14 

37.  14 

1  10 

019.26 

II 

•JB  44 

4  IE 
1  Id 

* 

031.37 

II 

91    4  A 

31.  40 

AH 

—  611 

116  08 

II 

04  M 
44.  03 

—  zn 

232.58 

II 

21.61 

-  5h 

II 

4U.  01 

1  Aril 

309.58 

• 

II 

17  411 

17.  01 

—  on 

350.90 

II 

14)  All 
14.  OH 

At. 

—  zn 

446.38 

II 

1A  1 A 

10.  10 

—  Snl 

479.43 

II 

07.ro 

-  5hl 

619.22 

II 

Ai      4*  * 

04. 05 

  ft 

673.43 

II 

ryi  o*% 

1  A 

1  7 

596.06 

11 

*>   J  fit  ii 

—  4fi 

628.66 

II 

4,  oW.  01 

3  4t)nl 

600.22 

II 

98.70 

-  3D 

676  55 

II 

97.26 

1  7bl 

701.57 

II 

94.08 

—  4 

741.27 

II 

93.27 

—  2h 

771. 10 

II 

89.84 

—  3hl 

831.04 

II 

88.96 

-  2 

846.45 

II 

80.28 

—  2 

893.  80 

II 

84.28 

-  3h 

41,928.58 

II 

79.38 

6c  200h 

42,014.92 

III 

75.63 

-  2h 

081.24 

II 

2, 37a  47 

-  2 

42,172.84 

II 
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Table  I. —Wave  lengths  and  Zeeman  effects  in  lanthanum  spectra—  Continued 


Intensity 
arc  spark 

B.  sT 

Arc  Intensity 
and  teuipcru- 
ture  class 
KandC 

*  (vac.) 
cm-1 

Zeeman  effect 

Spec- 
trum 

2,399.18 
05.50 
58.02 
58.10 
55.81 

—  2 

—  3 

—  3h 

—  lb 

—  5h 

42,195.79 
261.43 
395.48 
430.02 
435.24 

n 
ii 
ii 
n 
ii 

53.40 
53.03 
51.93 
48.88 
41.85 

_  o 

—  1 

—  1 

—  2 

—  4 

478.70 
485.48 
505.24 
560.79 
688.18 

■ 

ii 
ii 
ii 
ii 
ii 

28.75 
22.78 
19.44 
17.82 
2,311.45 

4  20hl 

—  3h 
15  20 

5  20hl 

—  1 

42,928.29 
43.  OSS.  62 
100.59 
130.71 
249.68 

ii 
ii 
ii 
ii 
ii 

2,297. 75 
93. 47 
92. 32 
80.94 
78.08 

46  2O0hI 

-  2h 
1  3 

-  4h 

-  lh 

• 

507.40 
588.59 
610.45 
828.01 
43, 921. 97 

* 

in 

n 
n 
n 
ii 

68.54 
58.77 
3a  74 

07.08 

—  3 
40  50 

—  7 
2e  lOOhl 

—  1 

44, 125.90 
297.36 
44,814.20 
45,110.63 
29188 

■ 

• 

n 
ii 
u 

in 

ii 

2,202.78 

—  1 

—  4 

—  1 

383.38 
524.94 
633.82 

n 
ii 
ii 

87.87 
61.68 
61.36 
2,142.81 

30  40 
5  20bl 

2  20hl 

45, 092. 22 
48.203.12 
252.58 
46.642.94 

* 

ii 
ii 
ii 
ii 

Table  2. — Band  heads  in  the  spectrum  of  lanthanum  monoxide  {La  0) 


X  air  I.  A. 


8,423.3 
8,9915 
9.  035.  9 
9,073.4 
9,111.5 

9,150.1 
9, 188.8 
9, 228. 15 
9,267.8 
9,307.8 

9, 348. 2 
9,388.8 
9, 429. 9 
9,471.4 
9,513.3 

9,555.5 
9, 582.2 
9, 641. 1 
9,684.8 
9,729.1 


Inten- 
sity 


2 
3 
1 
1 
2 

2 
4 
4 
4 
4 

3 
3 
3 
3 
3 

3 
3 
3 
3 
3 


»  vac  cm -i 


11, 8fiS.fi 
11,114.9 
11,063.  9 
11,018.2 
10,872.1 

925.9 
879.8 
833.  4 
787.1 
740.7 

694.3 
648. 1 
601.7 
555.2 
508.7 

462.3 
415.8 
369.4 

322.  6 
10,275.6 


System  and 


VII 
VII 
VII 
VII 
VII 

VII 
VII 
VII 


14.14 
14,15 
15,16 

0,  2 

1.  3 

2.  * 

3,  5 
1  8 


VII  5,  7 

VII  6,  8 

VII  7,  9 

VII  8,10 

VII  9,11 

VII  10.12 

VII  11,13 

VII  12,14 

VII  13,15 

VII  1116 

VII  15,17 

VII  16,18 


Washington,  June  11,  1932. 
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NOTE  ON  THE  FREEZING  POINT  OF  "ISO-OCTANE"  (2,  2, 

4-TRIMETHYLPENTANE) 1 

*         •  *  • 

By  Johannes  H.  Bruun  *  and  Mildred  M.  Hicks-Bruun 


ABSTRACT 

A  high-grade  sample  of  commercial  isO-octane  was  puri6ed  by  equilibrium 
melting.  The  freezing  point  of  the  pure  hydrocarbon  was  found  to  be  — 107.41°  C. 
The  purity  of  an  iso-octane  sample  may  be  calculated  from  the  equation:  Mole  per 
cent  purity = 3.86^+514.8  in  which  ir  is  the  initial  freezing  point  of  the  sample 


"Iso-octane"  (2,  2,  4-trimethylpentane)  is  used  as  the  upper 
reference  standard  for  antidetonation  tests  of  motor  fuels.    As  a 


TIME  IN  MINUTES 

Figure  1. — Time-temperature  cooling  curve  of  iso-octane 

criterion  for  the  purity  of  commercial  "iso-octane,"  it  is  desirable  to 
have  a  reliable  value  for  the  freezing  point  of  the  pure  hydrocarbon. 
The  value  (—107.8°  C.)  reported  in  tne  literature3  is  apparently  too 
low  as  many  commercial  samples  were  found  to  freeze  at  tempera- 
tures above  this  value. 


«  Financial  assistance  has  been  received  from  the  research  fund  of  the  American  Petroleum  Institute. 
This  work  is  part  of  Project  No.  6,  "The  Separation,  Identification,  and  Determination  of  the  Constit- 
uents of  Petroleum." 

»  Research  Associate  representing  the  American  Petroleum  Institute  at  the  Bureau  of  Standards. 
»  O.  M.  Parks  and  H.  M.  Huffman,  Ind.  Eng.  Chem.,  vol.  23,  p.  1139, 1931. 
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A  sample  of  high-grade  commercial  "iso-octane"  was  purified 
further  by  subjecting  it  to  a  number  of  fractionations  by  equilibrium 
melting  in  a  centrifuge.4  As  a  result  of  these  fractionations  four 
different  fractions  with  freezing  points  ranging  from  —107.7°  to 
-107.4°  C.  were  obtained.  The  time-temperature  cooling  curve  of 
the  purest  fraction  of  "iso-octane"  was  determined,  and  is  shown 
in  Figure  1. 

From  the  value,  — 107.41°  C.  found  for  the  freezing  point  of  pure 
iso-octane  and  from  Parks  ana  Huffman's  value  •  (18.9  cal./g)  for 
the  heat  of  fusion,  the  purity  of  the  iso-octane  may  be  calculated 
from  the  laws  of  ideal  solutions  and  is  expressed  by  the  equation: 
P=  3.863*/.  +  51 4.8  in  which  t,  is  the  initial  freezing  point  of  the  sam- 
ple in  °  C,  and  P  is  the  purity  in  mole  per  cent. 

Temperatures  were  determined  by  means  of  a  platinum-resistance 
thermometer  calibrated  at  this  bureau  in  accordance  with  the  Inter- 
national Temperature  Scale*  as  adopted  in  1927. 

Washington,  May  4,  1932. 

•  For  method  see  M.  M.  Hlcks-Bruun  and  J.  H.  Bruan,  B.  8.  Jour.  Research,  vol.  8,  p.  587, 1»2. 

•  See  footnote  3,  p.  369. 

•  B.  8.  /our.  Research,  vol.  1,  p.  «M,  ll»28. 
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A  TWIN-BOMB  METHOD  FOR  THE  ACCURATE  DETERMI- 
NATION OF  PRESSURE-VOLUME-TEMPERATURE  DATA 
AND  A  SIMPLE  METHOD  FOR  THE  ACCURATE  MEAS- 
UREMENT OF  HIGH  PRESSURES 

By  Edward  W.  Washburn 


ABSTRACT 

By  filling  one  bomb,  A,  with  the  system  under  investigation  and  a  twin  bomb, 
B,  with  a  reference  substance  and  then  adjusting  the  two  pressures  to  exact 
equality  (at  a  given  temperature")  with  the  aid  of  a  pressure  equalizer,  the  ratio  of 
PV 

-=—  °per  gram  for  the  two  systems  can  be  accurately  determined  by  weighing  the 
two  bombs.  No  pressure  measurements  are  involved.  If  now  the  volume  of 
bomb  B  is  known,  the  value  of        for  the  system  under  investigation  can  be 

computed  to  the  accuracy  with  which  ~^  is  known  for  the  reference  substance. 

Furthermore,  if  a  gas-filled  bomb  of  volume  V  at  a  known  temperature,  T,  is 
brought  into  pressure  equilibrium  with  any  system  at  the  pressure  P  and  the 
muss  of  the  contained  gas  determined,  the  value  of  P  can  be  computed  with  the 

accuracy  to  which        is  known  for  the  gas  employed.   In  this  way  an  ordinary 

balance  and  weights  can  be  utilized  as  a  laboratory  tool  for  the  accurate  measure- 
ment of  high  pressures. 
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I.  INTRODUCTION 

For  practical  purposes  the  task  of  accumulating  accurate  physical 
data  concerning  chemical  substances  and  systems  may  be  roughly 
divided  into  two  categories.   To  the  first  category  belong  those  pn- 
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mary  measurements  in  which  the  measuring  instruments  employed  are 
more  or  less  directly  standardized  in  terms  of  the  fundamental  units 
of  science,  for  example  in  cgs  (e  or  m)  °K.  units.1  Such  measure- 
ments may  be  called  primary  or  "absolute"  measurements  to  dis- 
tinguish them  from  the  second  category,  which  may  be  designated  as 
secondary  or  relative  measurements. 

This  category  comprises  measurements  in  which  the  apparatus  and 
instruments  employed  are  in  part  at  least,  standardized  with  the  aid 
of  a  substance  or  material  for  which  accurate  values  are  available 
from  primary  measurements  carried  out  as  outlined  above  or  which 
is  selected  by  convention  as  the  reference  substance. 

Measurements  in  this  class  are  fundamentally  relative  measure- 
ments, but  they  can  be  converted  to  absolute  values  through  the 
standardizing  material  employed,  and  if  the  accuracy  of  the  relative 
measurements  is  sufficient,  the  absolute  values  obtamed  in  this  way 
should  be  as  reliable  as  are  the  primary  data  for  the  standardizing 
substance.  Examples  of  measurements  belonging  to  the  second 
category  are  the  determination  of  the  viscosity  of  a  liquid  with  a 
viscosimeter  standardized  with  water  and  the  determination  of  the 
heat  of  combustion  of  an  organic  substance  with  a  bomb  calorimetric 
equipment  standardized  with  benzoic  acid. 

In  some  cases  the  relative  measurements  are  so  much  more  precise 
than  any  primary  measurements  that  a  conventional  value  is  some- 
times adopted  for  the  standardizing  substance.  This  conventional 
value  may  be  purely  arbitrary,  as  m  the  atomic  weight  table,  or  it 
may  be  the  best  at-the-time  available  absolute  value  with  zeros 
assumed  in  all  places  following  the  last  known  figure,  as  in  the  meas- 
urement of  current  in  so-called  "international  amperes"  by  means  of  a 
silver  coulometer.  , 

The  relative  method  frequently  has  the  advantage  of  greater  rapid- 
ity in  the  measurements  combined  with  simplicity  and  relative  in- 
expensiveness  in  the  equipment  required,  these  advantages  being 
sometimes  combined  with  a  higher  degree  of  accuracy  than  that  ob- 
tainable in  the  absolute  measurements. 

So  far  as  the  writer  is  aware,  no  attempt  has  been  made  to  deter- 
mine directly  and  accurately  the  ratio  of  PV/T  for  two  gases  at  high 
pressures.2  The  purpose  of  this  paper  is  to  outline  a  simple  method 
for  doing  this  ana  to  show  that  this  method  may  be  extended  to  the 
determination  of  pressure- volume- temperature  data  for  any  system. 

II.  EQUIPMENT  ? 

The  equipment  to  be  employed  consists  of: 

1 .  A  pair  of  twin  bombs  as  nearly  identical  as  possible  in  all  respects. 

2.  Inexpensive  Bourdon  gages. 

3.  A  good  thermometer. 

4.  A  well-stirred  constant-temperature  bath,  or  baths,  variable  over 
the  temperature  range  desired. 

5.  A  good  balance  and  set  of  weights. 

6.  Means  for  obtaining  the  gases  under  thfl  desired  pressures. 

No  accurate  pressure  measuring  equipment  is  required. 

  .... 

»  Centimeter,  gram,  second  (electrostatic  or  electromagnetic),  °K. 

>  Fnr  very  low  pressures  below  1  atmo5phere,  an  interesting  and  accurate  relative  rretbod  has  been 
described  by  Addlntcley  and  Whytlaw-Gray,  Trans.  Faraday  Soc.,  vol.  24.  p.  378.  1928. 
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III.  EXPERIMENTAL  PROCEDURE 

The  investigator  first  selects,  on  the  basis  of  available  data,  a  refer- 
ence gas  (or  gases)  for  which  satisfactory  P-V-T  values  are  available 
over  the  pressure  and  temperature  ranges  within  which  he  proposes 
to  make  his  measurements.  A  typical  experiment  is  carried  out  as 
follows :  With  the  aid  of  an  ordinary  Bourdon  gage  one  of  the  bombs  is 
filled  at  about  t°  0.  with  the  reference  gas,  K,  at  a  pressure  slightly 
above  that  desired  for  the  experiment.  The  second  bomb  is  filled  in 
the  same  way  with  the  gas,  E,  under  investigation.    Both  bombs  are 

§ laced  side  by  side  in  the  constant-temperature  bath  regulated  to  the 
esired  temperature,  t°  C,  and  each  one  is  then  joined  through  capil- 
lary tubing  (and  a  guard  bomb  if  desired)  to  a  pressure  equalizer,  for 
example,  a  large  cylinder  containing  air  (or  other  suitable  fluid)  at  a 
pressure  slightly  below  the  pressure  in  the  two  bombs,  and  provided 
with  a  Bourdon  gauge. 

The  valves  01  the  two  bombs  are  now  opened  simultaneously  and 
when  temperature  equilibrium  has  been  attained,  the  valves  are 
closed,  the  capillary  tubing  is  disconnected,  and  the  bombs  are  re- 
moved from  the  bath,  dried,  and  the  difference  in  mass  accurately 
determined.  One  of  the  bombs  is  then  evacuated  and  the  difference 
in  mass  again  determined  in  the  same  way,  or  either  of  the  two  may  be 
weighed  against  a  closed  dummy  bomb  of  known  mass.    The  ratio 

of  for  unit  masses  of  the  two  gases  can  now  be  calculated,  as  ex- 
plained in  section  VII  below. 

IV.  CONSTRUCTION  OF  THE  TWIN  BOMBS 

The  material  used  for  constructing  the  bombs  will  be  determined 
by  the  nature  of  the  gas  to  be  investigated  and  the  pressure  and  tem- 
perature ranges  to  be  covered.3  The  material  selected  and  the  wall 
thickness  adopted  should  be  such  that  the  strain  on  the  bomb  will  be 
well  within  the  elastic  limit.  The  thoroughly  annealed  bomb  before 
calibration  is  first  put  through  a  number  of  cycles  of  compression  and 
decompression  (filling  and  emptying)  with  compressed  gas,  for  the 
maximum  pressure  for  which  it  is  to  be  utilized  at  each  temperature. 
It  is  now  ready  for  calibration. 

The  calibration  consists  in  determining  the  volume  of  one  of  the 
bombs  and  in  detennining,  or  reducing  to  a  negligible  amount,  two 
small  quantities  both  of  which  would  be  zero,  if  the  bombs  were 
identical  twins.  These  two  quantities  are  the  difference  in  the  masses 
and  the  difference  in  the  volumes  of  the  two  bombs. 

V.  DETERMINATION  AND  EQUALIZATION  OF  THE 
VOLUMES  OF  THE  TWIN  BOMBS 

With  the  aid  of  the  constant-temperature  bath  and  pressure 
equalizer  described  above,  both  bombs  are  filled  with  the  same  gas 
at  the  same  moderate  pressure  (preferably  a  dense  gas,  such  as  C02, 

» A  discussion  of  materials  suitable  for  containers  for  various  conditions  or  temperature,  pressure,  and 

(Ind.  Eng.  Cbem.,  vol.  23,  p.  1378, 1931). 


has  been  given  by  F.  G.  Keyes 
127984—  Z: 
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purity  not  essential)  or  with  the  same  liquid,  and  the  difference, 
m\  —  mj,  in  the  masses  of  the  fluid,  together  with  the  mass,  mi,  in 
one  of  the  bombs  is  determined  as  in  a  regular  experiment.  The 
difference  in  the  two  volumes  is  given  by  the  relation 

Ay=r,-V,-(mi~*')F'  (1) 

To  the  larger  of  the  two  bombs  there  is  now  added,  in  the  form  of 
fine  shot  or  wire  for  example,  the  right  amount  of  a  material,  having 
negligible  vapor  pressure  and  negligible  (or  known)  compressibility, 
to  adjust  the  volumes  to  exact  equality.  There  is  some  advantage 
in  using  for  this  purpose  the  material  of  the  bomb  itself. 

After  this  adjustment  has  been  made  the  now-much-smaller  bV 
may  be  determined  as  a  function  of  p  and  T  over  the  proposed  experi- 
mental range.  If  the  construction  and  adjustment  of  the  two  bombs 
have  been  carefully  carried  out,  this  value  of  A V  should  be  negligible. 

The  bombs  having  been  adjusted  to  equality  of  volume,  the  volume 
of  one  of  them  is  now  determined  as  a  function  of  pressure  and 
temperature.  For  atmospheric  pressure  (zero  pressure  difference) 
this  value  will  be  known  from  the  above  determinations,  if  the 
density  of  the  fluid  used  is  known.  The  temperature  coefficient  can 
be  calculated  from  the  coefficient  of  thermal  expansion  of  the  bomb  or 
the  volume  may  be  determined  by  calibration  at  different  temper- 
atures. 

The  small  pressure  coefficient  can,  for  many  purposes,  be  determined 
with  the  necessary  accuracy  by  immersing  all  but  the  stem  of  the 
bomb  in  the  liquid  of  a  volumeter  and  reading  the  increases  in  volume 
of  this  liquid  as  successively  increasing  pressures  are  applied  to  the 
bomb.  It  may  also  bo  calculated  from  the  elastic  properties  of  the 
material  composing  the  bomb.  Formulas  for  this  purpose  have  been 
given  by  F.  G.  Keyes.4 

For  the  most  accurate  work,  especially  for  extreme  conditions  of 
temperature  and  pressure,  it  may  be  necessary  to  check  the  volume 
calibration  from  time  to  time  because  of  possible  hysteresis  effects. 

VI.  EQUALIZATION  OF  THE  MASSES  OF  THE  TWIN  BOMBS 

The  evacuated  bombs  are  now  suspended  from  the  arms  of  a 
sensitive  balance  and  the  masses  are  adjusted  to  equality.  At  the 
same  time  a  closed  dummy  bomb  can  also  be  provided,  if  desired, 
and  similarly  adjusted  to  the  same  mass.  This  dummy  may  be 
employed  as  a  counterpoise  for  detenruning  the  total  mass  of  the 
gas  in  one  of  the  bombs,  as  indicated  in  the  procedure  outlined  in 
Section  III  above. 

PVn 

VII.  COMPUTATION  OF  THE— ^r5- RATIO 

From  the  data  obtained  bv  the  procedure  described  in  Section  III 

PV« 

the  value  of  irB  =  -jr  for  unit  mass  of  any  gas  at  the  pressure  and 
temperature  of  the  experiment  is  obtained  from  the  relation 

^=(l-AV/VR)  (1+Aro/m,)  (2) 

«  See  footnote  3,  p.  273. 
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py 

in  which  ts  is  the  value  of  — m-  for  the  reference  gas  at  the  pressure 

and  temperature  of  the  experiment;  VB  is  the  volume  of  the  reference 
gas;  Avt  —  Vr—  VS)  is  the  difference  in  the  volumes  of  the  two  gases; 
mB  is  the  mass  of  the  gas  under  investigation;  and  Am,  =  mR—mB,  is 
the  difference  in  the  masses  of  the  two  gases.  After  completing  the 
experiment  as  described  above,  it  may  be  repeated  by  interchanging 
the  gases  in  the  two  bombs  and  AV  may  be  eliminated  from  the  two 
equations  thus  obtained. 

Judging  from  the  precision  which  should  apparently  be  attainable  in 
the  measured  quantities,  the  relative  values  obtained  in  this  way  should 
be  more  accurate  than  many  of  the  absolute  values  at  present  available. 

PV 

VIII.  COMPUTATION  OF  ^  FOR  THE  REFERENCE  GAS 

In  order  to  convert  into  absolute  values  the  relative  values  obtained 

by  the  above  procedure,  it  is  necessary  to  compute  the  value  of  x 

for  the  reference  gas.    If  the  data  for  this  gas  have  been  put  into 

mathematical  form  by  evaluating  the  parameters  of  an  equation  of 

state  in  which  *■  is  given  as  a  function  of  V  and  T,  then  the  value  of  r 

is  readily  calculable  since  both  V  and  T  are  known  with  the  necessary 

py 

accuracy.   If  only  tabulated  values  of  — jr  ar©  available  for  various 

temperatures  and  for  a  series  of  pressures,  then  the  experimental 
temperatures  employed  should  include  those  available  for  the  ref- 
erence gas  and  the  value  of  rB  can  be  obtained  by  graphing  values 
py  x 

of  —jr  against  y  in  the  experimental  region  and  interpolating  tr 

for  the  known  value  T/Vo.    At  the  same  time  the  value  of  P  is  ob- 

PVQ 

tamed  to  the  degree  of  accuracy  corresponding  to  that  of  the  — jr 
data  of  the  reference  gas. 

IX.  ACCURACY  REQUIRED  IN  THE  MASS 
DETERMINATIONS 

For  any  specific  case  the  accuracy  required  in  the  weighings  for 
any  given  desired  accuracy  in  tk/tr  can  be  judged  by  inspection  of 
equation  (2). 

In  general,  it  may  be  said  that  an  accuracy  of  0.01  per  cent  in 
should  be  practically  always  attainable,  or  stated  in  another 
way,  the  masses  of  the  bombs  will  never  need  to  be  so  great  as  to 
render  difficult  the  attainment  of  the  required  accuracy  in  the 
weighing  operations,  and  this  accuracy  will  be  obtainable  with  a 
comparatively  inexpensive  balance,  except  possibly  in  the  cases  of 
hydrogen  and  helium  where  a  balance  of  high  sensitivity  might  be 
needed.    (See  further,  Sec.  XIV  below.) 
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X.  ACCURACY  REQUIRED  IN  THE  VOLUME 

DETERMINATIONS 

If  the  volumes  of  the  two  bombs  are  adjusted  to  substantial 
equality,  a  large  percentage  error  is  obviously  allowable  in  both 
A V  and  V  in  determining  the  value  of  n-j/x*.  For  interpolating  the 
absolute  value  of       VR  must  be  known  with  an  accuracy  which 

T 

varie8with  the  slope  of  the  r-y  curve  for  the  reference  gas  in  the 

experimental  region.  Thus,  for  a  considerable  region  on  both  sides 
of  the  Boyle  pressure,*  large  errors  in  VR  will  have  but  little  effect 
upon  the  result.  In  any  case  VB  can  be  determined  with  the  required 
accuracy. 

XI.  SELECTION  OF  THE  REFERENCE  GAS 

py 

Since  relative  values  of  — jr  can  be  determined  with  a  high  degree 

of  accuracy  and  with  comparatively  simple  equipment,  absolute 
values  should  be  available  for  one  or  for  a  few  gases  selected  on  the 
basis  of  their  advantages  as  reference  gases  and  these  values  should  be 
known  as  accurately  as  possible  and  should  cover  a  wide  range  of 
temperatures  and  pressures. 

Among  the  eases  which  might  be  selected  as  suitable  reference 
gases,  air  has  the  disadvantages  of  its  oxidizing  action  at  high  tem- 
peratures and  its  lack  of  constancy  in  composition.*  In  spite  of 
these  disadvantages,  however,  dry,  COj-free  air  is  likely  to  be  the 
favored  reference  gas  for  measurements  of  moderate  accuracy,  say 
±0.1  per  cent,  because  of  its  ready  accessibility.  For  this  reason 
reliable  P-V-T  data  should  be  available  for  air  (of  known  normal 
density)  over  wide  ranges  of  temperature  and  pressure.  Further- 
more, if  the  investigator  who  proposes  to  use  air  as  a  reference  gas 
determines  the  normal  density  of  the  sample  of  air  employed,  air 
would  probably  be  suitable  as  a  reference  gas  even  for  measurements 
of  the  highest  accuracy. 

A  review  of  the  various  other  possibilities  leads  to  the  conclusion 
that  "atmospheric  nitrogen", 6  methane,  and  carbon  dioxide  would 
be  suitable  as  additional  reference  gases.  These  gases  can  be  pre- 
pared in  a  high  state  of  purity  at  reasonable  cost.  Carbon  dioxide 
could  be  used  for  investigations  confined  to  temperatures  above,  say, 
40°  C,  while  methane  could  be  used  for  temperatures  between,  say, 
200°  and  —80°  C.  "Atmospheric  nitrogen"  could  be  used  at  any 
temperature  above,  say,  — 140°  C. 

1  That  pressure  at  which  for  a  given  temperature  the  PV  product  is  a  minimum. 

*  Sec  the  extensive  data  on  this  question  recently  obtained  by  Moles  (Gaze.  Chim.  Ita).,  vol.  56,  p.  015, 
1026).  This  investigator  also  found  that  after  chemical  removal  of  tho  oxygen  from  air.  the  residue,  "atmo- 
spberic  nitrogen,"  snowed  a  much  more  nearly  constant  density,  the  maximum  variation  found  being  only 
1  in  10,000.  Apparently,  therefore,  "atmospheric  nitrogen"  would  be  an  excellent  refercna-  gas  for  wide 
ranges  of  temperature  and  pressure. 
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XII.  ADAPTATION  OF  THE  METHOD  TO  LIQUIDS  AND 
SOLIDS  AND  TO  POLYPHASE  SYSTEMS 

It  is  obvious  from  the  foregoing  discussion  that  the  method  described 
in  this  paper  might  also  be  applied  to  the  determination  of  P-V-T 
relations  m  many  systems  composed  of  or  containing  one  or  more 
solid  or  liquid  phases.  For  this  purpose  a  retaining  or  immersing 
liquid  may  be  needed  or  preferred  m  the  bomb  containing  the  system 
under  investigation  and  in  that  case  the  gas-filled  bomb  functions 
purely  as  a  pressure  gage. 

XIII.  THE  USE  OF  A  GAS-FILLED  BOMB  AS  A  PRESSURE 

GAGE 

If  a  gas-filled  bomb  of  known  volume  and  temperature  is  brought 

into  pressure  equilibrium  with  a  system  at  the  pressure  Pf  with  the 

aid  either  of  a  pressure  equalizer  such  as  that  described  above  or 

with  the  aid  of  a  nul-point  differential  gage,7  and  the  mass  of  gas  in 

the  bomb  determined,  then  its  pressure  can  be  calculated  as  indicated 

above  and  the  value  thus  obtained  will  be  as  accurate  as  are  the 

available  PV0/T  data  for  the  gas  employed.    In  this  way  a  balance 

and  weights  can  be  utilized  as  a  laboratory  tool  for  the  accurate 

measurement  of  high  pressures. 

The  accuracy  required  in  V  and  T  will  be  determined  by  the 

py 

accuracy  wanted  in  P  or  by  the  accuracy  possessed  by  ^  *  which- 
ever happens  to  be  the  detennining  quantity. 

The  method  might  also  find  some  application  for  calibrating  an 
electrical  or  mechanical  pressure  gage,  in  case  a  dead-weight  pressure 
gage  is  not  available. 

XIV.  DETERMINATION  OF  THE  MASS  OF  THE  GAS  AFTER 

REMOVAL  FROM  THE  BOMB 

The  range  of  pressure  over  which  a  given  pair  of  twin  bombs  can 
be  employed  is  limited  on  the  high  pressure  side  by  the  elastic  limit 
of  the  material  of  which  the  bomb  is  composed  and  on  the  low-pressure 
side  by  the  mass  of  contained  gas  which  can  be  determined  with  the 
required  accuracy  by  weighing  the  bomb.  If,  therefore,  a  given  gas 
is  to  be  investigated  over  a  very  wide  range  of  pressures,  a  set  of 
bombs  would  be  required.  For  many  gases  this  necessity  can  be 
avoided  and  a  single  pair  of  heavy-walled  bombs  can  be  employed 
in  all  parts  of  the  pressure  range  by  arranging  to  remove  the  gas  from 
the  bomb  for  the  purpose  of  weighing  it.  Thus  C02  could  be  weighed 
after  condensation  or  after  absorption  in  ascarite  (NaOH-asbestos 
mixture),  H20  and  certain  alcohols  after  absorption  in  Dehydrite 
(Mg(C104)2  .  3H20),  a  combustible  gas  after  passage  through  a  com- 
bustion furnace  followed  by  absorption  of  C02  and/orH20  as  above, 
etc.  These  methods  are  somewhat  more  time-consuming  than  direct 
weighing,  but  a  high  degree  of  accuracy  is  obtainable  and  certain 
other  obvious  advantages  are  secured. 

>  For  example,  the  sensitive  differential  gage  described  by  Osborn,  Stimson,  and  Fiock,  B.  8.  J  oar. 
Research,  vol.  5,  p.  430, 1930.  The  diiTerential  nane  Is  required  whenever  direct  contact  between  the  system 
and  the  fluid  of  a  pressure  equalizer  is  undesirable. 
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XV.  CONCLUSION 

The  method  outlined  above  will  probably  find  its  chief  application 
in  chemical  laboratories  and  industrial  laboratories  which  do  not 
have  available  accurate  dead-weight  pressure  gages,  but  in  which 
the  need  occasionally  arises  of  obtaining  P-V-T-  data  for  gases  and 
vapors  and  their  mixtures.  The  recent  publication  of  several  papers 
giving  rather  rough  data  of  this  character  obtained  with  Bourdon 
gages  illustrates  a  growing  need  for  reliable  P-V-T  data  for  a  con- 
siderable number  of  gases  and  gas  mixtures  for  which  no  information 
is  at  present  available.  It  is  hoped  that  the  method  described  in 
this  paper  may  be  found  useful  to  the  occasional  investigator  who 
finds  it  necessary  to  determine  such  data  for  himself. 

Washington,  December  28,  1931. 
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A  NEW  DETERMINATION  OF  THE  ATOMIC  WEIGHT 

OF  OSMIUM 1 

By  Raleigh  Gilchrist 


ABSTRACT 

A  method  for  the  preparation  of  pure  osmium  is  described.  The  value  of  the 
atomic  weight  of  osmium  is  calculated  from  the  average  percentage  of  osmium 
found  in  carefully  prepared  samples  of  ammonium  chloroosmate  and  of  ammonium 
bromoosmate.  The  value  obtained  from  the  ratio  (NH^jOsCU^Osis  191.53,  and 
from  the  ratio  (NHOiOsBr^Os  is  191.57,  based  upon  the  values  for  nitrogen, 
hydrogen,  chlorine,  and  bromine  given  in  the  International  Table  of  Atomic 
"Weights  for  1932.    The  weighted  average  value  is  191.55. 

The  densities  of  ammonium  chloroosmate  and  of  ammonium  bromoosmate  at 
25°  C.  were  found  to  be  2.93  g/cm*  and  4.09  g/cm»,  respectively. 
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I.  INTRODUCTION 

Osmium  was  first  identified  as  a  new  element  by  Tennant,2  who 
discovered  it  in  the  portion  of  crude  platinum  which  is  not  attacked  by 
aqua  regia.  Osmium  occurs  as  a  constituent  of  a  natural  alloy  with 
indium  known  as  osmiridium  or  iridosmine.  The  name  osmium, 
which  was  chosen  for  the  element,  was  taken  from  the  Greek,  ovm,  a 
smell,  suggestive  of  the  pronounced  odor  of  the  volatile  tetroxide,  the 
formation  of  wluch  is  the  most  outstanding  property  of  the  metal. 

The  earliest  attempt  to  determine  the  atomic  weight  of  osmium  was 
made  by  Berzelius,3  who  analyzed  potassium  chloroosmate,  K2OsCl«, 
and  obtained  the  value  198.94  from  the  ratio  Os:2  KC1. 

Seubert,4  60  years  later,  undertook  to  make  careful  analyses  of  potas- 
sium chloroosmate  and  of  ammonium  chloroosmate,  (NH4)2  OsCl6, 

■  Submitted  as  partial  fulfillment  of  the  requirements  for  the  degree  of  doctor  of  philosophy,  The  Johns 
Hopkins  University,  Juno  1022. 
»  Smithson  Tennant,  Phil.  Trans.,  vol.  94,  p.  411,  1804. 
*  J.  J.  Berzelius,  Ann.  Pbyslk  (Pogg.).  vol.  13,  p.  530,  1828. 
«  K.  Seutwt,  Ber.,  vol.  21,  p.  1839,  1888;  Ann.,  vol.  261,  p.  258,  1891. 
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and  it  is  upon  his  experiments  that  the  value  of  the  atomic 
weight  was  based  which  has  appeared  in  the  International  Table  of 
Atomic  Weights  for  manv  years.  Seubert  used  the  ratios  (NH4)2 
OsCl„:Os;  6AgCl:(NH4)26sCle;  K3OsClfl:Os;  K20sClft:2  KC1;  and 
4  AgCl :  K2OsCla.  The  values  obtained  for  the  atomic  weight  range 
from  190.27  to  192.22  when  recalculated  on  the  basis  of  the  Interna- 
tional Table  of  Atomic  Weights  for  1932.  The  value  calculated  from 
Seubert's  experiments  on  the  osmium  content  of  ammonium  chloroos- 
mate  is  191.24. 

In  the  last  41  years  only  one  published  account  of  new  work  on  the 
atoic  mweight  of  osmium  has  appeared,  that  of  Seybold*,  describing 
the  determination  of  the  osmium  content  of  ammonium  chloroosmate. 
The  value  calculated  from  a  set  of  three  experiments  is  191.09,  while 
that  from  five  other  experiments  is  189.33. 

II.  PREPARATION  OF  PURE  OSMIUM 
1.  EXTRACTION  OF  OSMIUM  PROM  CRUDE  MATERIAL 

The  osmium  used  in  the  experiments  reported  in  this  paper  was 
obtained  from  two  sources.  That  used  in  ammonium  chloroosmate, 
Series  VI,  was  obtained  from  one  of  the  platinum  companies,  while 
that  used  in  the  other  experiments  was  recovered  from  the  osmiridium 
residues  from  grain  platinum. 

The  crude  material  was  fused  with  sodium  hydroxide  and  sodium 
nitrate  in  a  gold  dish.  The  aqueous  extract  of  this  melt  was  acidified 
with  nitric  acid  and  distilled.  The  osmium  tetroxide  thus  obtained 
was  absorbed  in  a  10  per  cent  solution  of  sodium  hydroxide  and  again 
distilled  as  just  described.  The  remaining  platinum  metals,6  under 
these  conditions,  do  not  appear  in  the  distillate.  The  osmium  was 
recovered  by  electrolysis  from  the  alkaline  solution,  into  which  the 
tetroxide  had  been  distilled  the  second  time,  using  platinum  electrodes. 
The  osmium  separated  at  the  cathode  as  a  black,  loosely  adherent 
deposit  which,  according  to  Moraht  and  Wischin,7  is  the  dioxide. 
The  precipitated  material  was  washed  as  free  from  alkali  as  possible, 
dried,  and  ignited  to  metal  in  hydrogen.  Spectrograph^  examination 
of  the  metal  thus  obtained  showed  that  it  was  free  from  the  other 
platinum  metals,  but  that  it  did  contain  traces  of  sodium  and  of  iron. 

2.  PURIFICATION  OF  THE  OSMIUM 

In  considering  possible  reactions  feasible  for  the  preparation  of  pure 
osmium,  it  appeared  highly  desirable  to  employ  volatile  reagents. 
The  reaction  between  osmium  tetroxide  and  hydrochloric  acid  had 
been  studied  by  Milbaucr,8  who  observed  that  osmium  tetroxide  was 
decomposed  by  concentrated  hydrochloric  acid  at  room  temperature 
with  the  evolution  of  chlorine.  Ruff  and  Mugdan,v  however,  using 
acid  of  specific  gravity  1.124,  stated  that  the  reaction  reported  by 
Milbauer  did  not  take  place.  A  few  years  later,  Remy10  made  a 
careful  study  of  the  reaction  at  room  temperature  and  concluded  that 
tfie  reaction  depends  considerably  upon  the  concentration  of  the 

•  F.  8f>ybold,  Inauuural-ONscrtatlou.  1912.  Fricderich-Alexanders  Universltttt,  F.rlangen. 

•  R.  Gilchrist.  B.  8.  Jour.  Research,  vol.  6.  p.  421, 1031. 

7  H.  Moraht  and  C.  Wischin,  Z.  anorjc.  Cbem.,  vol.  3.  p.  153, 1893. 

•  J.  Milbauer,  J.  prakt.  Cbem.  (2),  vol.  96,  p.  187, 1917. 

•  O.  Ruff  and  S.  Mugdan,  J.  prakt.  Chera.  (2),  vol.  98,  p.  143, 1918. 
»•  H.  Remy,  J.  prakt.  Chera.  (2),  vol.  101.  p.  341.  1921. 
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hydrochloric  acid.  He  found  that  with  hjTdrochioric  acid  of  specific 
gravity  greater  than  1.160  the  osmium  tetroxide  was  decomposed  with 
appreciable  velocity,  with  the  evolution  of  chlorine.  He  further  found 
that  the  osmium  was  converted  to  the  quadrivalent  state  and  not  to 
the  bivalent,  as  asserted  by  Milbauer.  Krauss  and  Wilken11  later 
substantiated  Remy's  conclusion  regarding  the  quadrivalent  state. 

In  a  recent  study  by  Crowell1*  of  the  reaction  between  octavalent 
osmium  and  hydrobromic  acid  at  100°  C,  it  was  found  that  the 
products  formed  are  quadrivalent  osmium  and  bromine  and  that  an 
equilibrium  is  reached.  It  was  also  found  that  in  concentrated 
hydrobromic  acid  (about  8  normal)  the  reaction  goes  to  practical 
completion  in  the  direction  of  the  formation  of  quadrivalent  osmium 
and  bromine,  while  in  dilute  acid  solutions  (about  0.1  normal)  the 
reaction  goes  to  completion  in  the  reverse  direction. 

In  1920,  previous  to  the  appearance  of  Remy's  paper,  the  author 
observed  that  reaction  occurred  when  a  mixture  of  osmium  tetroxide 
and  20  per  cent13  hydrochloric  acid  (constant-boiling  acid)  was 
heated  to  incipient  boiling  and  that  the  presence  of  a  small  quantity 
of  ethyl  alcohol  assisted  in  the  decomposition  of  the  tetroxide.  After 
about  three  hours  the  odor  of  osmium  tetroxide  disappeared  and  the 
solution,  which  had  gradually  turned  deep  brown  in  color,  became 
reddish  yellow  and  transparent.  This  solution,  when  evaporated  to 
sirupv  consistency,  appeared  to  suffer  no  decomposition.  Ammonium 
chloride,  added  to  an  acid  solution  of  the  sirupy  residue,  precipitated 
the  brick  red  ammonium  chloroosmate,  (NH^OsClfl.  Ignition  of  the 
precipitate  in  hydrogen  produced  metallic  osmium  in  the  spongy 
form.  It  was  further  observed  that  the  reaction  between  osmium 
tetroxide  and  20  per  cent  hydrobromic  acid  proceeded  with  greater 
ease  and  rapidity  than  that  between  osmium  tetroxide  and  hydro- 
chloric acid.  Considerable  bromine  was  produced.  Enough  alcohol 
was  added  just  to  destroy  the  bromine  vapor  in  the  refluxing  flask. 
The  resulting  solution  was  deep  brown  in  color  and  likewise  appeared 
to  suffer  no  decomposition  on  evaporation  to  a  sirup.  Ammonium 
bromide  precipitated  the  deep  brownish  black  ammonium  bromo- 
osmate,  (NH4)203Br8t  from  an  acid  solution  of  the  sirupy  residue. 

The  osmium  metal  obtained  by  reduction  of  the  product  of  electroly- 
sis previously  described  was  converted  in  turn  into  osmium  tetroxide, 
chloroosmic  acid,  ammonium  chloroosmate,  and  osmium  sponge  as 
will  be  described  in  detail  in  connection  with  the  preparation  of  the 
compounds  for  analysis.  This  cycle  of  operations  was  repeated  twice, 
using  purified  reagents.  The  resulting  metal  was  found  on  spectro- 
graphic  examination  to  be  free  from  impurities  and  was  used  in  the 
final  preparation  of  the  compound  ammonium  chloroosmate. 

III.  PREPARATION  OF  REAGENTS 

Hydrochloric  acid. — Chemically  pure  hydrochloric  acid  of  commerce 
(specific  gravity  1.18)  was  diluted  with  an  equal  volume  of  distilled 
water  ana  distilled  three  times  from  a  grouna-glass  stoppered  Pyrex 
flask  whose  side  arm  extended  a  considerable  distance  into  the  tube 
of  a  condenser.  In  each  case  the  first  and  last  fractions  were  discarded. 


»  F.  Krauss  and  D.  Wilken,  Z.  anorg.  allitem.  Chera.,  vol.  137,  p.  319,  1024. 

«»  W.  R.  dwell,  J.  Am.  Chera.  Soc.,  vol.  54.  p.  1324,  1932. 

»  Here  and  elsewhere  in  this  paper  the  percentage  of  acid  is  percentage  by  weight. 
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Bromine  and  hydrobromic  acid. — Chemically  pure  bromine  of  com- 
merce was  purified  by  the  procedure  described  by  Baxter  and 
Grover.14  Hydrobromic  acid  was  prepared  by  reducing  bromine  with 
hydrogen  in  the  presence  of  a  catalyst  consisting  of  pumice  impreg- 
nated with  platinum.  The  hydrogen  was  produced  by  electrolysis  in 
a  cell  described  later.  The  first  portion  of  the  hydrobromic  acid  was 
discarded.  The  remainder  was  dissolved  in  water  and  distilled  once. 

Ammonium  chloride. — Ammonium  hydroxide,  which  had  been 
freshly  prepared  by  saturating  distilled  water  with  ammonia  from  a 
cylinder  of  liquid  ammonia,  was  gently  heated  and  the  ammonia  con- 
ducted into  the  purified  hydrochloric  acid  until  the  acid  was  neutral- 
ized. A  slight  excess  of  acid  was  then  added  to  the  solution  of 
ammonium  chloride. 

Ammonium  bromide. — Ammonium  bromide  was  prepared  in  the 
same  manner  as  the  ammonium  chloride. 

Alcohol. — Ethyl  alcohol  of  commerce  (95  per  cent)  was  allowed  to 
remain  in  contact  with  lime  for  several  days,  after  which  it  was 
distilled  three  times.  The  first  and  last  portions  from  each  distillation 
were  discarded. 

Water. — In  the  preliminary  work,  the  water  used  was  purified  by 
distilling  from  an  alkaline  permanganate  solution  and  then  from  a 


c 


Figure  1. — Apparatus  for  the  preparation  of  osmium  tetroxide 


dilute  sulphuric  acid  solution,  using  a  Pyrex  distilling  flask  and  a 
block-tin  condenser.  The  preparation  reported  as  ammonium 
chloroosmate,  Series  VI,  was  likewise  made  with  water  thus  prepared. 
In  the  other  three  preparations  reported,  the  water  used  was  that 
which  was  regularly  supplied  to  the  chemical  laboratories  at  the 
Bureau  of  Standards  from  a  still  by  a  pipe  of  block  tin.  This  water 
gave  no  test  for  halides  and  had  a  specific  conductance  of  about 
1  X  10"8  reciprocal  ohm  at  room  temperature. 

IV.  PREPARATION  OF  AMMONIUM  CHLOROOSMATE 

Preparation  VI. — Osmium,  which  had  been  prepared  from  the 
material  obtained  from  one  of  the  platinum  companies  as  described  in 
Section  II,  was  converted  to  osmium  tetroxide  by  heating  it  in  a 
current  of  oxygen.  Figure  1  shows  the  apparatus  used.  A  bottle,  A, 
containing  water,  served  to  indicate  the  flow  of  oxygen.  A  tube,  B, 
of  combustion  glass,  having  a  diameter  of  about  2.5  cm,  was  bent  at 
an  angle  and  the  end  inserted  into  a  Pyrex  flask  which  contained 
purified  constant-boiling  hydrochloric  acid.  The  flask  and  contents 
were  cooled  by  immersion  in  crushed  ice  in  order  to  prevent  too  great 
a  loss  of  osmium  tetroxide.   The  combustion  tube  was  heated  Iby  a 

>«  O.  P.  Baxter  sad  F.  L.  O rover,  J.  Am.  Chom.  8oc.,  vol.  37,  p.  1029, 1815. 
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12-inch  Hoskins  electric  furnace  of  the  split  type.  When  heated  to  a 
temperature  of  from  220°  to  230°  C.  the  osmium,  contained  in  por- 
celain boats,  absorbed  oxygen  rapidly  and  reached  a  glowing  tempera- 
ture. This  rapid  absorption  of  oxygen  was  repeatedly  observed  and 
probably  indicated  the  formation  of  osmium  dioxide.  As  the  temper- 
ature was  raised  the  oxidized  osmium  was  converted  to  tetroxide 
which  condensed  to  a  pale  yellowish  mass,  as  well  as  to  white  crystals, 
in  the  cooler  portion  of  the  combustion  tube.  Gentle  warming  of  the 
tube  with  a  name  loosened  the  solidified  tetroxide,  while  a  jet  of  hot 
hydrochloric  acid  solution  from  a  wash  bottle  completely  removed 
all  tetroxide  from  the  tube  as  it  was  lifted  from  the  flask. 

The  contents  of  the  flask,  consisting  of  osmium  tetroxide  and 
hydrochloric  acid,  were  quickly  transferred  15  to  a  refluxing  flask  to 
which  a  water-cooled  condenser  was  attached  by  a  ground  joint.  A 
U  tube  containing  a  solution  of  sodium  hydroxide  was  attached  to  the 
top  of  the  condenser  to  prevent  the  escape  of  any  tetroxide  vapor. 
A  quantity  of  purified  constant-boiling  hydrochloric  acid,  four  times 
the  amount  necessary  to  form  chloroosmic  acid,  HjOsCle,  was  added 
to  the  refluxing  flask.  From  3  to  5  ml  of  purified  alcohol  was  added, 
and  the  mixture  gently  heated  for  one  hour.  During  this  time  the 
color  changed  from  faint  yellow  to  deep  brown.  As  heating  was 
continued,  droplets  of  osmium  tetroxide  gradually  ceased  to  appear 
on  the  walls  of  the  flask  and  the  solution  finally  became  reddish 
yellow  in  color  and  transparent.  The  total  time  of  heating  was  about 
three  hours,  during  the  last  hour  of  which  the  solution  was  kept  at 
incipient  boiling.  The  solution  of  chloroosmic  acid  which  had  been 
formed  was  evaporated  to  a  sirup  on  the  steam  bath.  On  cooling, 
the  sirupy  solution  solidified  to  a  mass  of  crystals.  These  crystals 
were  dissolved  in  purified  constant-boiling  hydrochloric  acid  and  the 
resulting  solution  diluted  with  water  so  as  to  form  a  solution  contain- 
ing 4  per  cent  of  osmium  and  7  per  cent  of  hydrochloric  acid.  Tliis 
solution  was  filtered  first  through  hardened  paper,  in  a  Gooch  crucible, 
and  then  through  blue  ribbon  paper  (S.  and  S.  No.  589). 

A  15  per  cent  solution  of  purified  ammonium  chloride,  in  slight 
excess,  was  added  slowly  to  the  constantly  stirred  solution  of  chloro- 
osmic acid  at  room  temperature.  The  precipitate  of  ammonium 
chloroosmate,  brick  red  in  color,  was  caught  on  a  hardened  filter  in 
a  Gooch  crucible  and  washed  with  a  15  per  cent  solution  of  purified 
ammonium  chloride  until  the  wash  waters  were  colorless.  The 
ammonium  chloroosmate  thus  prepared  was  recrystallized  by  making 
a  saturated  solution  of  the  compound  in  a  solution  containing  7  per 
cent  of  hydrochloric  acid  at  about  90°  C.  The  hot  saturated  solution 
was  quickly  filtered  through  a  hardened  filter  and  cooled  to  about 
5°  C.  while  being  stirred.  The  supernatant  liquid  was  decanted  and 
the  crystals  of  ammonium  chloroosmate  stirred  with  several  portions 
of  7  per  cent  hydrochloric  acid.  The  crystals  were  then  caught  on  a 
hardened  filter,  in  a  Gooch  crucible,  drained  by  suction,  washed  with 
a  dilute  solution  of  hydrochloric  acid,  and  finally  washed  with  puri- 
fied alcohol.  The  crystals  were  drained  free  from  alcohol,  spread  on 
a  watch  glass  and  dried  in  a  partially  evacuated  desiccator  contain- 
ing phosphorus  pentoxide.  The  dried  salt  was  thoroughly  mixed 
by  grinding  in  an  agate  mortar  and  kept  in  a  desiccator  until  used. 

M  It  Is,  perhaps,  needless  to  mention  that  an  operation  of  this  kind  should  be  conducted  with  care  and  that 
it  is  preferable  to  wear  a  mask  to  prevont  the  vapor  of  the  tetroxide  from  attacking  the  eyes,  nose,  and 
throat  of  the  operator. 
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Preparation  VII. — Osmium,  which  had  been  prepared  from 
osmindium  residues  from  grain  platinum  as  described  in  Section  II, 
was  converted  into  chloroosmic  acid.  A  solution  of  the  chloroosmic 
acid  was  made  which  contained  1.5  per  cent  of  osmium  and  1.7  per 
cent  of  hydrochloric  acid.  This  solution  was  slowly  added,  at  room 
temperature,  to  a  dilute  solution  (approximately  2  per  cent)  of  puri- 
fied ammonium  chloride  which  was  constantly  stirred,  according  to 
one  of  the  procedures  used  bv  Archibald  16  in  the  preparation  of 
ammonium  chloroplatinate.  The  precipitate  of  ammonium  chloro- 
osmate  was  not  recrystallized,  but  was  washed,  dried,  and  mixed  as 
described  under  Preparation  VI. 

V.  PREPARATION  OF  AMMONIUM  BROMOOSMATE 

Preparation  VI. — The  ammonium  bromoosmate  was  made  from 
the  osmium  sponge  17  resulting  from  the  analyses  of  ammonium 
chloroosmate.  The  source  of  the  osmium  was  the  osmiridium  resi- 
dues from  grain  platinum.  This  osmium  was  first  converted  into 
tetroxide  as  previously  described,  then  into  bromoosmic  acid,  ammo- 
nium bromoosmate,  and  again  into  metal  using  purified  reagents. 
The  metal  prepared  by  this  cycle  of  reactions  was  again  converted 
into  bromoosmic  acid.  The  resulting  solution  of  bromoosmic  acid 
was  evaporated  to  a  sirup  on  the  steam  bath,  then  evaporated  twice 
more  with  20  per  cent  hydrobromic  acid.  The  crystalline  mass  was 
dissolved  in  20  per  cent  hydrobromic  acid  and  diluted  with  water  to 
form  a  solution  containing  1.5  per  cent  of  osmium  in  7  per  cent  of 
hydrobromic  acid.  This  solution  was  filtered  twice  through  filter 
paper  (S.  and  S.  No.  589,  blue  ribbon).  A  2  per  cent  solution  of  puri- 
fied ammonium  bromide,  in  slight  excess,  was  added  slowly  to  the 
constantly  stirred  solution  of  bromoosmic  acid  at  room  temperature. 
The  precipitate  of  ammonium  bromoosmate,  deep  brownish  black  in 
color,  was  caught  on  a  hardened  filter  and  washed  with  a  15  per  cent 
solution  of  ammonium  bromide  until  the  wash  waters  were  colorless. 
The  compound  thus  prepared  was  recrystallized  by  making  a  saturated 
solution  of  it  in  a  solution  containing  15  per  cent  of  hydrobromic  acid 
at  about  90°  C.  The  hot  saturated  solution  was  quickly  filtered 
through  a  hardened  filter  and  cooled  to  about  10°  C.  while  being 
stirred.  The  supernatant  liquid  was  decanted  and  the  crystals 
washed  with  7  per  cent  hydrobromic  acid.  The  crystals  were  then 
caught  on  a  hardened  filter,  in  a  Gooch  crucible,  drained  bv  suction, 
washed  with  a  dilute  solution  of  hydrobromic  acid  and  finally  washed 
with  purified  alcohol.  The  crystals  were  drained  free  from  alcohol 
and  dried  over  phosphorus  pentoxidc.  The  dried  salt  was  then 
thoroughly  mixed  by  grinding  it  in  an  agate  mortar  and  kept  in  a 
desiccator  over  phosphorus  pentoxide  until  used. 

Preparation  VII. — This  preparation  was  made  from  another  por- 
tion of  the  same  sponge  as  Preparation  VI  and  in  the  same  manner 
except  that  the  compound  was  recrystallized  from  10  per  cent  hydro- 
bromic acid. 


"  E.  H.  Archibald,  Proc.  Roy.  Soc.,  Edinburgh,  vol.  29,  p.  721,  1908-0. 

"  A  portion  of  this  sponge  was  uwl  bv  Meggers  to  measure  the  spectral  linos  of  osmium.  W.  F.  Meggers. 
Arc  Spectra  of  the  Platinum  Metals,  B.  S.  Sci.  Papers  No.  499,  Jau.  23,  1925. 
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VI.  DETERMINATION  OF  THE  OSMIUM  CONTENT  OF 
AMMONIUM  CHLOROOSMATE  AND  OF  AMMONIUM 
BROMOOSMATE 

1.  APPARATUS 

The  apparatus  used  in  determining  the  osmium  content  of  the  prep- 
arations just  described  is  shown  in  Figure  2.  It  consisted  of  an  elec- 
trolytic cell  for  the  generation  of  hydrogen;  two  series  of  scrubbing 
and  drying  towers;  and  a  reaction  tube,  electrically  heated. 

The  electrolytic  cell  was  equipped  with  platinum  electrodes  and 
contained  a  dilute  solution  of  potassium  hydroxide.  An  electrically 
heated  porcelain  combustion  tube,  containing  asbestos  and  quartz 
both  impregnated  with  palladium,  was  inserted  in  the  line  to  convert 
to  water  any  oxygen  which  might  have  diffused  into  the  hydrogen 
chamber  of  the  cell.  The  series  of  five  towers  for  the  purification  of 
the  hydrogen  contained  silver  sulphate,  sulphuric  acid  winch  had 
previously  been  heated  to  heavy  fumes,  soda-lime,  sulphuric  acid, 
and  phosphorus  pentoxide  which  had  been  sublimed  into  the  tower. 
Glass  beads  were  used  in  all  liquid  towers,  and  several  layers  of  beads 
were  used  in  the  soda-lime  tower. 

The  nitrogen  was  the  commercial  gas  produced  by  the  fractionation 
of  liquid  air.  The  method  used  to  remove  the  small  amount  of  oxygen 
present  was  based  upon  the  experiments  of  Badger,  18  who  found  that 
a  solution  of  ammonium  hydroxide  (1  volume  of  ammonium  hydrox- 
ide, specific  gravity  0.90,  diluted  with  1  volume  of  water),  when  satu- 
rated with  ammonium  chloride  and  kept  in  contact  with  metallic 
copper,  absorbed  oxygen  quantitatively.  In  order  to  insure  the  com- 
plete removal  of  oxygen  a  tube  6  feet  in  length,  containing  copper  and 
the  ammoniacal  solution,  was  placed  between  tne  wash  bottle  and  the 
first  tower,  which  also  contained  the  same  solution.  The  second 
tower  in  this  series  contained  50  per  cent  sulphuric  acid  to  absorb 
ammonia.  The  last  five  towers  were  similar  to  the  set  of  towers 
described  for  the  purification  of  hydrogen. 

The  reaction  tube  of  combustion  glass  was  fitted  to  the  purification 
train  by  a  carefully  ground  joint.  Two  U  tubes,  containing  glass 
beads  and  sulphuric  acid,  sealed  the  exit  of  the  reaction  tube.  The 
Hoskins  electric  furnace  which  was  previously  mentioned  was  used 
to  heat  the  reaction  tube.  At  a  few  places  in  the  apparatus  where 
it  was  not  possible  to  make  sealed-glass  connections,  the  ends  of  the 
rigid  tubes  were  held  flush  by  rubber  tubing.  A  heavy  coating  of 
De  Khotinsky  cement  was  then  applied  so  that  the  rubber  tubing  was 
completely  covered.  In  order  to  make  certain  that  no  oxygen  reached 
the  reaction  chamber,  either  from  the  hydrogen  or  from  the  nitrogen, 
these  gases  were  alternately  passed  through  the  heated  tube  in  the 
presence  of  spongy  metallic  osmium.  A  tube  containing  phosphorous 
pentoxide,  attached  directly  to  the  reaction  tube,  indicated  no  for- 
mation of  water. 

2.  BALANCES,  WEIGHTS,  AND  WEIGHING 

The  experiments  on  ammonium  chloroosmate,  Series  VI,  were  made 
at  The  Johns  Hopkins  University.  The  balance  used  in  these  experi- 
ments was  a  new  analytical  balance  known  as  Ainsworth  QA. 

The  experiments  on  ammonium  chloroosmate,  Series  VII,  and  on 
ammonium  bromoosmate,  Series  VI  and  VII,  were  made  at  the 

»  W.  L.  Badger,  J.  Ind.  EDg.  Chem.,  vol.  12,  p.  161,  1920. 
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Bureau  of  Standards.  The  balance  used  in  these  experiments  was 
made  by  Ruprecht,19  of  Vienna,  and  was  designed  to  carry  a  maximum 
load  of  1  kg  on  each  pan.  This  balance  was  inclosed  in  a  case  of 
blackened  copper  which  served  as  a  radiation  screen.  The  weights 
used  were  carefully  calibrated  by  the  Bureau  of  Standards  just 
previous  to  use. 

Two  glass  weighing  tubes  of  nearly  the  same  size  and  weight,  each 
fitted  with  a  ground-glass  stopper,  were  used.  The  boats  were  of 
porcelain.  Weighing  was  done  by  the  method  of  substitution,  the 
vessels  being  allowed  to  remain  in  the  balance  case  for  three  hours 
previous  to  weighing. 

3.  ANALYSIS 

One  is  led  to  infer  that  Seubert 20  dried  his  compounds  only  over 
phosphorous  pentoxide  in  a  desiccator.  Seybold,21  cognizant  of  Seu- 
bert's  procedure,  in  addition  heated  his  preparations  at  105°  C,  most 
likely  in  air  so  far  as  one  is  able  to  tell  from  his  description. 

Archibald,22  in  the  analysis  of  ammonium  chloroplatinate  and  of 
ammonium  bromoplatinate,  found  that  the  purest  samples  which  he 
was  able  to  prepare  began  to  decompose  slightly  at  a  temperature 
above  185°  C.  and  that  all  hydrochloric  acid  and  hydrobromic  acid 
seemed  to  be  driven  ofT  below  150°  C. 

With  ammonium  chloroosmate  and  ammonium  bromoosmate  it  was 
found  that  slight  decomposition  occurred,  in  an  atmosphere  of  dry 
purified  nitrogen,  if  the  temperature  was  above  170°  C.  At  tempera- 
tures up  to  150°  C.  no  evidence  of  decomposition  was  observed.  In 
experiment  No.  1,  ammonium  chloroosmate,  Series  VII,  the  sample 
was  heated  for  three  2-hour  periods  at  156°  to  1G0°  C.  There  was  no 
change  in  weight  during  the  second  and  third  heating  periods.  When 
the  temperature  was  raised  to  166°  to  170°,  however,  a  faint  white 
sublimate  was  formed  and  the  sample  continually  decreased  in 
weight.  A  solution  of  the  sublimate  in  water  gave  a  precipitate  with 
silver  nitrate.  The  weight  recorded  for  the  sample  was  that  obtained 
at  156°  to  160°  C.  Those  same  temperature  limits  were  also  observed 
with  ammonium  bromoosmate. 

Experiments  previously  made  on  other  preparations,  in  which  the 
drying  was  done  at  about  175°  C,  gave  values  for  the  atomic  weight 
about  0.5  of  a  unit  higher  than  those  reported  here.  These  values 
must  be  in  error  for  the  reason  stated  above  and  were  rejected. 

In  the  experiments  reported  here,  the  samples  taken  for  analysis 
were  dried  to  constant  weight  in  a  current  of  dry  purified  nitrogen. 
The  samples  in  Series  VI,  ammonium  chloroosmate,  were  dried  from 
3  to  5  hours  at  140°  to  145°  C.  Those  in  Series  VII,  ammonium 
chloroosmate,  with  the  exception  of  No.  1  discussed  above,  were  dried 
from  4  to  7  hours  at  145°  to  150°  C.  The  samples  in  Series  VI, 
ammonium  bromoosmate,  were  dried  from  10  to  14  hours  at  150°, 
while  in  Series  VII  the  first  sample  was  dried  for  14  hours  at  145° 
and  the  second  for  12  hours  at  150°  C.  During  the  heating  of  the 
sample  in  experiment  No.  2,  ammonium  chloroosmate,  Series  VII,  a 
tube  containing  phosphorous  pentoxide  showed  no  increase  in  weight 
after  the  first  heating  period  of  3  hours,  although  the  sample  was 
heated  during  two  additional  periods  of  2  hours  each. 

«•  W.  A.  Noyes,  Bulletin  of  the  Bureau  of  Standards,  vol.  4,  p.  179,  1907. 
n  See  footnote  4,  p.  279. 
n  See  footnote  .">,  p.  280. 
"  See  footnote  16,  p.  284. 
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The  decomposition  of  the  compounds  was  accomplished  as  follows : 

The  porcelain  boat  with  its  contents  was  placed  in  the  reaction 
tube.  The  tube  was  swept  with  dry  purified  nitrogen  for  one  hour. 
The  nitrogen  was  displaced  by  pure  dry  hydrogen  for  one  and  one-half 
hours,  at  the  end  of  which  time  the  temperature  of  the  tube  was 
gradually  raised.  When  the  decomposition  appeared  to  be  complete, 
the  temperature  was  increased  to  700°  to  725°  C.  and  maintained  at 
this  point  for  two  hours.  While  at  this  temperature  the  hydrogen 
was  displaced  by  dry  purified  nitrogen  for  one  hour.  The  boat,  now 
containing  metallic  osmium,  was  allowed  to  cool  to  room  temperature 
in  nitrogen,  the  furnace  having  been  removed.  The  boat  was  placed 
in  the  glass-stoppered  weighing  tube  and  allowed  to  remain  in  the 
balance  case  for  three  hours  before  being  weighed. 

This  procedure  for  the  very  gradual  decomposition  of  the  osmium 
compounds  had  been  found,  in  previous  experiments,  to  give  a  metal 
sponge  which  remained  constant  in  weight  upon  reignition  in  hydro- 
gen. No  mechanical  loss  of  material  could  be  detected  during  the 
decomposition.  With  the  exception  of  four  instances  where  the 
metal  sponges  were  returned  to  the  cleaned  reaction  tube  for  an  addi- 
tional heating  period  of  three  hours  in  hydrogen  at  700°  to  725°  C, 
the  weights  recorded  in  this  paper  were  those  obtained  after  the 
above  treatment.  The  metal  sponges  in  experiments  Nos.  1  and  2, 
ammonium  chloroosmate,  Series  VII,  lost  0.00091  and  0.00051  g, 
respectively,  on  reheating  in  hydrogen.  In  these  two  cases  the  time 
of  the  first  reduction  had  been  cut  somewhat  short  owing  to  the  late 
hour  of  the  night,  so  that  all  traces  of  volatile  matter  had  apparently 
not  been  completely  eliminated.  The  weight  of  the  metal  sponge  in 
experiment  No.  2,  ammonium  bromoosmate,  Series  VI,  remained 
unchanged  on  reheating,  while  that  in  experiment  No.  2,  ammonium 
bromoosmate,  Series  VII,  lost  0.00006  g.  The  weights  recorded  for 
these  four  sponges  were  those  after  the  second  heating  period. 

It  had  been  repoatcdlv  observed  that  metallic  osmium,  which  had 
been  ignited  and  cooled  in  hydrogen,  was  rapidly  attacked  by  the 
air  with  the  formation  of  osmium  tetroxide.  When  the  reaction  tube 
was  opened,  the  surface  of  the  metal  sponge  usually  glowed  and  a  dis- 
tinct odor  of  the  tetroxide  was  noticeable.  When  the  atmosphere  of 
hydrogen  was  displaced  as  described  in  the  experiments  reported 
here,  no  odor  of  osmium  tetroxide  was  detected  either  on  opening  the 
reaction  tube  or  several  days  later  when  the  boat  was  finally  removed 
from  the  weighing  tube.  The  limiting  quantity  of  osmium  tetroxide 
which  von  Wartenberg23  could  detect  by  the  sense  of  smell  was 
2X  lO"6  mg/cm. 

4.  DENSITIES  OF  THE  SUBSTANCES  WEIGHED 

In  order  to  reduce  the  weights  obtained  to  vacuum,  the  densities 
of  the  two  osmium  compounds  and  of  the  resulting  osmium  sponge 
were  determined  at  25°  C.  by  displacement  of  toluene  whicn  had 
been  dried  and  redistilled. 

Two  determinations  of  the  density  of  ammonium  chloroosmate 
were  made,  using  6.2303  and  8.7552  g  of  the  compound.  The  values 
found  were  2.941  and  2.908  g/cm3.  The  average  value  was  2.93  g/cm3. 

Two  determinations  of  the  density  of  ammonium  bromoosmate 
were  made,  using  10.2161  and  10.5552  g  of  the  compound.  The 

»  H.  von  W»u«ot>erg,  ADD-,  vol.  440,  p.  97,  1924. 

Digitized  by  Google 


Gtkkrw  Atomic  Weight  of  Osmium  289 

values  found  were  4.102  and  4.084  g/cm3.  The  average  value  was 
4.09  g/cm3. 

One  determination  of  the  density  of  the  osmium  sponge  was  made, 
using  6.7478  g.    The  value  found  was  19.13  g/cm3. 

A  correction  of  +0.00026,  +0.00014,  and  -  0.00009  g  was  applied 
to  each  gram  of  ammonium  chloroosmate,  ammonium  bromoosmate, 
and  osmium  sponge,  respectively. 

5.  RESULTS 

The  results  of  the  determinations  are  given  in  Tables  1  and  2. 


Table  1. — Results  of  the  analysis  of  ammonium  chloroosmate 


Experi- 
ment 
No. 

Weight  of 
(NHi)iOsCU 
In  vacuum 

Weight 
of  os- 
mium in 
vacuum 

Percent- 
age of 
osmium 

Atomic 
weight 

(SUihOsCU,  Series  VI  

1  i 

1  ! 

9 

3.81131 
3. 4fl016 
1.11090 

7.  80602 
7.21775 
7. 04888 
7.54170 

0 

1. 65758 
1.50505 
.48320 

3.30547 
3. 13949 
3.0MM 
3.27046 

43.401 
43.496 
43.407 

101.53 
101. 53 

(NHritOsCh.  Series  VII  

43.495 

43.400 
43.  4QK 
43.502 
43.484 

43. 405 

Table  2. — Results  of  the  analysis  of  ammonium  bromoosmate 

Experi- 
ment 
Nr. 

Weight  of 
(NHi)iOsBn 
in  vacuum 

Wnipht 
of  cs- 
mium  in 
vacuum 

Percent- 
age of 
osmium 

Atomic 
weight 

(NHOjOSBr*,  Series  VII  

{  2 
{  5 

9 

5.M596 
5.59080 
3.91834 

4.06331 
4.53546 

9 

1. 58647 
I.  51471 
1.08117 

1. 35016 
1.22699 

27.001 
27. 093 
27.  082 

191.55 
191. 61 

27.  OSU 

27.093 
27.097 

27.005 

The  average  percentage  of  osmium  in  ammonium  chloroosmate, 
combining  the  results  of  the  two  series,  was  43.495.  The  average 
percentage  of  osmium  in  ammonium  bromoosmate,  again  combining 
the  results  of  the  two  series,  was  27.091.   Using  the  values 

N    14. 008 
H     1. 0078 
CI   35. 457 
Br    79. 916 

the  ratio  (NH4)2OsCl0 :  Os  vields  the  value  191.53  for  the  atomic 
weight  while  the  ratio  (NH4)20sBr6:  Os  yields  191.57.  The  weighted 
average  value  is  191.55. 

VII.  DISCUSSION  OF  RESULTS 

It  is  recognized  that  complex  compounds  of  the  platinum  metals, 
of  the  type  considered  here,  sometimes  undergo  a  change  of  com- 
position through  hydrolysis.    Such  is  known  to  be  the  case  with 
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potassium  chloroplatinate  when  formed  under  the  conditions  which 
obtain  in  the  usual  analytical  separation  of  potassium  from  sodium. 
The  change  of  composition  comes  about  through  the  partial  replace- 
ment of  halogen  by  the  hydroxyl  group.  The  effect  of  such  a  change 
would  be  to  raise  the  percentage  of  osmium  and  hence  the  apparent 
atomic  weight.  Except  by  accidental  compensation  the  effect  would 
be  to  produce  a  divergence  in  the  values  of  the  atomic  weight  cal- 
culated from  similar  ratios  on  analogous  compounds.  The  probability 
that  such  change  occurred  in  the  compounds  examined  here  is  held 
to  be  highly  unlikely,  since  the  compounds  were  precipitated  and 
recrystallized  from  solutions  containing  varying  quantities  of  acid, 
and  the  value  of  the  atomic  weight  as  calculated  from  one  compound 
agrees  so  closely  with  that  calculated  from  the  other  analogous 
compound. 

No  impurities  were  detected  in  the  metallic  osmium  used  to  pre- 
pare the  compounds  for  analysis.  The  compounds  were  made  by 
using  only  volatile  reagents. 

In  the  present  work  the  samples  of  ammonium  chloroosmate  and 
of  ammonium  bromoosmate  were  dried  to  constant  weight  at  tem- 
peratures of  140°  to  150°  C.  A  loss  of  weight  was  always  observed 
m  the  first  drying  period  when  the  salts,  which  had  merely  been 
desiccated  over  phosphorus  pentoxide,  were  heated  at  140°  to  150°  C. 
No  evidence  of  decomposition  was  detected  below  170°  C.  The  proba- 
bility that  the  compounds  so  treated  still  retained  significant  amounts 
of  volatile  impurities  is  held  to  be  unlikely  because  of  the  close  agree- 
ment of  the  values  of  the  atomic  weight  calculated  from  the  two 
ratios.  The  net  effect  of  such  impurities  would  be,  of  course,  to 
lower  the  percentage  of  osmium  and  hence  the  apparent  atomic 
weight,  but  a  divergence  in  the  ratios  would  result  unless  the  relative 
amounts  of  the  impurities  in  the  two  compounds  happened  to  be 
such  as  to  compensate  for  it. 

The  decomposition  of  the  compounds  in  hydrogen  was  accomplished 
so  gradually  that  the  possibility  of  mechanical  loss  appears  improbable. 

The  formation  of  only  volatile  products  upon  decomposition  and 
the  constancy  of  weight  of  the  resulting  metallic  osmium,  when  heated 
in  hydrogen  at  an  elevated  temperature,  make  it  highly  improbable 
that  any  impuritv  contaminated  the  final  metal.  The  removal  of 
hydrogen  at  an  elevated  temperature  by  nitrogen  undoubtedly  pre- 
vented the  attack  of  the  metal  sponge  by  atmospheric  oxygen  during 
the  time  necessary  to  make  the  weighings. 

The  identical  agreement  of  the  average  determinations  of  the 
osmium  content  of  the  two  preparations  of  ammonium  chloroosmate, 
when  different  quantities  of  the  substances  were  taken  and  when 
different  balances  were  used,  makes  it  improbable  that  significant 
errors  were  introduced  in  weighing. 
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MOISTURE  EXPANSION  "  OF  CERAMIC  WHITE  WARE 

By  R.  F.  Geller  and  A.  S.  Creamer 


ABSTRACT 

This  report  supplements  the  reports  of  a  number  of  investigations  of  "moisture 
expansion. "  The  relative  susceptibility  of  various  materials,  individually  and  as 
constituents  of  bodies,  was  studied,  as  was  also  the  effect  of  the  temperature  to 
which  the  specimens  had  been  heated.  The  relative  susceptibility  to  moisture 
expansion  of  the  principal  ingredients  of  ceramic  bodies  appears  to  be  approxi- 
mately as  follows:  Fused  feldspar,  2.4;  calcined  clay,  0.40;  unfused  feldspar,  0.20; 
calcined  flint,  0.06.  The  expansion  caused  by  reaction  with  moisture  may  be 
decreased  at  temperatures  as  low  as  120°  C.  The  removal  of  the  moisture  is 
relatively  sluggish  at  120°  C,  proceeds  faster  as  the  temperature  is  raised,  and 
apparently  may  be  completed  at  250°  C.  The  marked  difference  is  susceptibility 
to  moisture  expansion  of  fused  and  unfused  feldspar  has  an  important  effect  on 
ceramic  bodies.  The  data  indicate  that  at  temperatures  below  approximately 
"cone  8"  and  absorptions  above  10  per  cent  the  ratio  of  fused  to  unfused  feldspar 
is  the  predominating  factor  determining  the  resistance  to  moisture  expansion 
while  at  higher  temperatures  and  lesser  absorptions  the  relative  absorption  is  the 
predominating  factor.  The  data  obtained  offer  no  evidence  regarding  the  nature 
of  the  reaction  involved. 
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I.  INTRODUCTION 

This  report  supplements  the  reports  of  many  investigations  1  which 
have  been  made  during  the  past  six  years  on  the  general  subject  of 
moisture  expansion  or  expansion  due  to  the  action  of  water.  It  was 
undertaken  primarily  to  determine  which  of  the  usual  constituents  of 
white-ware  bodies  are  most  susceptible  to  moisture  expansion. 


i  O.  E.  Merritt  and  C.  O.  Peters,  J.  Am.  Ceram.  Soc.,  vol.  0  (6),  p.  332, 1926;  n.  O.  Schurecht,  vol.  11 
271, 1928,  and  vol.  12  (2).  p.  118, 1029;  H.  O.  Schurecht  and  O.  R.  Pole,  vol.  12  (9),  p.  596.  1929;  It.  O. 
vol.  13  (12),  p.  903,  1930;  II.  11.  llolscher,  vol.  14  (3),  p.  207,  1931;  H.  O.  Schurecht  and  O.  R.  Pole, 
vol.  14  (4),  p.  313. 1931,  and  B.  S.  Jour.  Research,  vol.  3  (RP98),  August,  1929;  O.  S.  U.  Eng.  Exp.  Sta.  Cir. 
Nos.  18,  J.  Otis  E^verhart,  and  22,  H.  H.  Holacher. 
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II.  MATERIALS  AND  METHODS 

1.  COMMERCIAL  BODIES 

Dinner  plates  of  the  same  quality  as  supplied  regularly  to  the  trade, 
and  representing  the  product  of  16  manufacturers  of  earthenware, 
were  available  for  the  study  of  commercial  bodies.  The  specimens 
for  water-absorption  determinations  were  irregularly  shaped  pieces 
broken  from  the  plates  and  tested  without  removing  the  glaze,  using 
three  specimens  of  each  brand.  The  determinations  were  made  by 
the  so-called  5-hour  boiling  test  in  accordance  with  the  method  pre- 
scribed in  Federal  specification  No.  243a  for  vitrified  chinaware. 
Indirect  moisture-expansion  measurements  were  made  by  means  of 
the  interferometer  according  to  the  method  described  by  Schurecht.* 
These  indirect  measurements  are  based  on  the  assumption  that  the 
difference  in  total  thermal  expansion  obtained  at  400°  C.  (or  at  a 
higher  temperature)  in  the  first  and  second  tests  of  specimens  which 
have  had  the  opportunity  of  reacting  with  moisture,  either  during 
prolonged  storage  or  in  an  autoclave,  is  a  measure  of  the  moisture 
expansion. 

2.  EXPERIMENTAL  BODIES 

The  compositions  of  the  experimental  bodies,  together  with  the 
heat  treatment  received,  are  given  in  Table  1  and  in  part  A,  Table  2. 
The  potter's  flint  and  the  feldspar  (No.  3) 8  were  composed 
of  particles  varying  in  size  from  10/x  to  SOji,  the  separation  from 
coarser  and  finer  particles  having  been  made  by  means  of  a  No.  325 
United  States  standard  sieve  and  an  air  elutriator.4  The  clay  (Geor- 
gia kaolin)  was  not  sized  in  the  elutriator  because  it  "balled"  in  the 
apparatus  and  made  the  separation  of  any  particular  range  of  particle 
sizes  impracticable. 

The  mixtures  were  made  into  specimens  6  inches  long  and  one-half 
inch  in  diameter.  The  extrusion  method  was  used  to  form  the  speci- 
mens of  bodies  containing  clay,  while  the  flint-feldspar  series,  con- 
taining gum  tragacanth  as  a  binder,  were  tamped.  The  specimens 
which  had  been  heated  as  described  in  section  B,  Table  1,  were 
dried  at  115°  ±5°  C,  weighed,  measured,  and  autoclaved  at  150 
lbs. /in.2  steam  pressure  (183°  C.)  for  one  and  one-half  hours  while 
submerged  in  water.  They  were  then  removed  from  the  autoclave, 
reweighed  and  remeasured  before  and  after  drving  (constant  in  weight 
to  0.01  g)  at  115°  ±5°  C.  and  at  270°  ±5°  C.  to  determine  changes 
in  weight  and  length  due  to  these  drying  treatments.  The  absorption 
was  taken  as  the  percentage  gain  in  weight  during  the  autoclave  treat- 
ment.5 The  changes  in  length  resulting  from  the  autoclave  treatment 
and  subsequent  drying  were  measured  by  means  of  a  comparator 
using  a  graduated  invar  bar  as  reference.8  Reference  points  in  the 
specimens  were  obtained  by  cementing  capillary  Pyrex  glass  tubes  in 
small  holes  approximately  12  cm  apart,  using  a  hydraulic  nigh  alumina 
cement.  The  precision  in  these  length  measurements  was  found  to  be 
approximately  ±0.01  per  cent  of  the  length  measured.  Room  temper- 

»  H.  Q.  Scbnrecht,  J.  Am.  Cer.  Soc.,  vol.  11  (5).  p.  271, 1928. 

•  H.  Insley.  J.  Am.  Cor.  Soc..  vol.  10  (»).  p.  651.  1827. 

•  J.  C.  Pearson  and  W.  H.  Sligh.  B.  S.  Tech.  Paper  No.  48. 

•  This  method  of  determining  water  absorption  Is  believed  to  be  fully  as  effective  as  the  S-bour  boiling 
method  because  it  has  been  shown  by  the  authors  that  a  10-hour  autoclave  treatment  et  150  lb6./in.»  ' 
pressure  Is  as  effective  as  240  hours"  boiling.   8ee  B.  S.  Tech.  News  Bull.  No.  167,  March,  1931. 

•  J.  C.  Pearson,  J.  Am.  Concrete  Inst.,  1921. 
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atures  were  noted  at  all  readings,  but  did  not  vary  sufficiently  to 
justify  correcting  the  measurements  for  this  factor. 


Table  1. — Experimental  bodies  and  heat  treatment* 

A.  BODIES 

fThrec  specimen*  of  each  mixture  for  each  heat  treatment] 


Series  A 

Series  B 

Series  C 

Series  D 

Body 
No. 

Flint 

No.  3 
Feld- 
spar 

Body 
No. 

Clay 

No.  3 
Feld- 
spar 

Hod  v 
No. 

Clay 

Flint 

Bodv 
No. 

Clay 

Flint 

No.  3 
Fold- 
spar 

Al..„ 

A2... 

A3... 

A4.... 

A5-... 

Per  cent 
80 
00 
50 
40 
20 

Per  cent 
20 
40 
50 
60 
80 

Bl... 

B2 

B3.. 

B4... 

B5... 

Per  cent 
80 
60 
50 
40 
20 

Per  cent 
20 
40 

so 

R0 
80 

CI... 
C2 

C3  . .. 
C4... 
VS... 

Per  cent 
80 
(10 
AO 
40 

. 

Pa  cent 
20 
40 
50 
00 
80 

Dl... 

D2... 

D3... 

D4.. 

Do... 

Per  cent 
20 
40 
50 
60 
80 

Percent 
40 
30 
25 
20 
10 

Per  cn' 
40 
30 
2.1 
20 
10 

B.  HEAT  TREATMENT 


Series  A  (flint-feldspar) 
Series  H  (chy-fcidspur) 

Fired  to  cones:         02        2        4        6        8         10        12        14         16  18 

- 

 Series  C  (clay-flint)  

Situ*  I)  (clay-flint-foldspar) 

3.  INDIVIDUAL  MATERIALS 

The  individual  raw  materials  included:  (a)  Feldspars  Nos.  3  and  18; 
(b)  pulverized  quartz  obtained  by  crushing  a  sample  of  standard 
Ottawa  sand ;  (c)  washed  kaolin  from  Georgia  containing  about  4  per 
cent  of  impurities,  such  as  mica  and  quartz;  (d)  two  samples  of 
lepidolite; 7  (e)  Cornwall  stone  as  supplied  to  the  pottery  trade;  and 
(J)  Lemoor  china  clay.  Three  samples  of  the  china  clay  were  avail- 
able: (a)  The  original  clay;  (6)  a  granular  separate  containing  particles 
larger  than  In  in  diameter;  and  (c)  a  "colloidal"  separate  containing 
particles  less  than  1/*  in  diameter.8  With  the  exception  of  the 
feldspar  and  the  Lemoor  china  clay  used  in  the  determination  of  the 
effect  of  particle  size,  each  of  the  individual  materials  tested  as 
powders  was  heated  at  approximately  1,225°  C.9  in  a  small  gas-fired 
furnace,  cooled  rapidly,  and  crushed  to  pass  a  No.  120  United  States 
standard  sieve.  It  is  realized  that  differences  in  particle  size  (or  ratio 
of  surface  to  unit  weight)  introduce  an  unmeasured  variable  which 
may  lessen  appreciably  the  significance  of  the  values.  For  this  reason 
the  materials  were  ground  with  a  mortar  and  pestle  and  sieved 
repeatedly  as  the  grinding  progressed  so  as  to  produce  a  minimum  of 
fines. 


'  The  following  chemical  compositions  were  obtained  from  the  concerns  furnishing  the  lepidolite: 


SiOj 

A1,0, 

FeiOj 

MnO 

K,0 

LiiO 

NaiO 

F 

n,o 

Per  cent 
40 
A3 

Per  cent 
27 
24 

Per  cent 
0.3 
.05 

Per  cent 
0.5 
.35 

Per  ctnt 
8-10 
6.8 

Per  cent 
4-5 
2.9 

Per  cent 
2 

1.6 

Per  cent 

Per  cent 
1.5 
.2 

Sample  B  

1.5 

*  The  fractions  were  obtained  by  K.  Laugenbeck  during  the  course  of  an  investigation  at  the  Bureau  of 
Standards,  the  results  of  which  have  not  been  published. 

•  This  temperature  was  chosen  because  it  lies  between  the  temperatures  used  by  earthenware  and  vitri- 
fied china  ware  manufacturers  to  mature  their  ware. 
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The  determination  of  the  relative  degree  of  reaction  of  individual 
materials  with  moisture  was  based  on  weight  change,  assuming  that 
expansion  (or  volume  change)  would  be  proportional  to  weight 
change.  The  crushed  samples  were  dried  to  constant  weight10  at 
115°  ±  5°  C,  exposed  to  water  vapor  at  150  lbs./in.a  steam  pressure 
for  five  hours  (precautions  being  taken  to  prevent  condensation  of 
moisture  on  the  samples),  weighed  immediately  on  removal  from  the 
autoclave  and  again  after  drying  at  115°  ±  5°  C.  and  at  250°  ± 

io°  a 


Table  2. — Effect  of  autoclave  treatment  on  v 

A.  1  BY  1  BY  5  INCH  BAR8  (THREE  SPECIMENS  OF  EACH  BODY)  AUTOCLAVED  FOR 
THREE  HOURS  AT  160  LBS.flN.*  STEAM  PRESSURE  (183°  C.) 


Temperature  of  heating 

Coiie5to6  (approx- 
imately 1.180°  C.) 

Cone  8  to  9  (approx- 
imately 1,230°  C.) 

Expan- 
sion 

Absorp- 
tion 

Expan- 
sion 

Absorp- 
tion 

Florida  kaolin'     

Per  cent 

0  .OA 
.  IS 

.04 

.83 

Per  cent 
6  0 
IS.  1 
14.8 
20.7 

Per  cent 
0  00 
.03 
.02 
.02 

Per  cent 
1.4 

3.9 
13.3 
17.8 

t.  POWDERED  SPECIMENS  HEATED  AT  1,225°  C,  RECRUSHED  AND  AUTOCLAVED 
FOR  FIVE  HOURS  AT  150  LB8./IN.*  8TEAM  PRESSURE 


Weight 
gain  dur- 
ing auto- 
clave 
treat- 
ment 


Percentage  of  water 
absorbed  during 
autoclave  treat  • 
ment  which  was 
removed  by  dry- 
ing at— 


6°  C. 




250°± 
10°  C. 


Foldspar  No.  3  - 


Quartz  

Kaolin  

Lepidolite.. 


I:::: 


-fi: 

fi: 
ib«: 


Cornwall  stone . 


Per  cent 
2.4 
2.4 

2.5 
2.5 

.06 
.00 
.05 
.05 

.40 
.34 

1.7 
1.6 
1.3 
2.0 

1.4 
1.4 
1.3 


Per  cent 
32 
30 
30 


Per  cent 
84 
95 


69 
17 
15 

64 

37 

35 
33 

27 


22 
20 


S 
78 

100 
ill 

84 
83 
78 
77 

76 
74 
73 


•  Taken  from  Table  7  of  H.  H.  Holscher's  paper. 
"  In  this  phase  of  the  work  the 


did 


(See  footnote  12,  p.  2W.) 

to  have  reached  constant 
0.5  mg. 


weight  when  the 
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III.  RESULTS 

1.  COMMERCIAL  BODIES 
(a)  MOISTURE  EXPANSION  OF  UNAUTOCLAVED  SPECIMENS 

As  a  preliminary  study,  specimens  of  five  brands  (Nos.  1,  5,  6,  14, 
and  16)  were  taken  from  glazed  plates  which  had  been  stored  in  the 
laboratory  for  several  months.  The  moisture  expansion  was  found 
to  vary  from  0.03  to  0.06  per  cent  for  four  brands  which  had  water 
absorptions  of  from  9.4  to  12.5  per  cent;  the  other  brand  (No.  1) 
showed  no  moisture  expansion  and  the  water  absorption  was  2.0  per 
cent.    Typical  curves  are  given  in  Figure  1  and  the  values  in  Table  3. 

Since  the  moisture  expansion  tests  of  unautoclaved  glazed  plates 
were  made  on  specimens  of  the  body  immediately  after  being  taken 
from  the  plates,  it  is  indicated  that  the  expansion  noted  had  taken 
place  regardless  of  the  supposedly  impervious  coating  of  glaze.11  The 
data,  therefore,  justify  tne  conclusion  that  glazed  earthenware  may 
be  subject  to  crazing  caused  by  penetration  of  moisture  through  the 
glazed  and  the  resultant  moisture  expansion  of  the  body. 

(b)  MOISTURE  EXPANSION  OP  AUTOCLAVED  SPECIMENS 

One  specimen  of  each  of  the  16  brands  was  autoclaved  at  150 
lbs./in.s  steam  pressure  for  one  hour,  the  pieces  being  immersed. 
Typical  results  are  shown  by  the  curves  in  Figure  1.  For  any  one 
specimen  the  expansions  during  the  second  and  third  heatings  were 
practically  identical.  The  curves  in  Figure  2  show  also  that  the 
contraction  during  the  cooling,  following  the  first  heating  of  an  auto- 
claved specimen,  is  practically  along  the  same  curve  as  the  expansion 
during  the  second  heating.  The  data  indicate  that  the  first  heating 
and  the  first  cooling  are  sufficient  to  give  the  desired  information. 
Pertinent  data  obtained  in  this  phase  of  the  investigation  are  sum- 
marized in  Table  3  and  the  calculated  moisture  expansions  are  plotted 
against  percentage  water  absorption  in  Figure  3.  Although  the  bodies 
are  all  of  one  type  and  probably  had  been  matured  at  about  the  same 
temperature,  there  are  undoubtedly  sufficient  differences  in  composi- 
tion and  structure  to  affect  the  porosity-expansion  relation.  As 
shown  by  data  given  in  this  paper,  feldspar  alone  may  be  an  important 
factor. 


Table  3. — Effect  of  moisture  on  specimens  either  stored  in  laboratory  air  or  auto- 

claved 


Brand  No. 

Water 
absorp- 
tion 

Moisture 

expan- 
sion after 
storage  1 

Moisture 
expansion 
after  Auto- 
clave ' 

Brand  No. 

Water 
absorp- 
tion 

Moisture 
expan- 
sion after 
stornKC  i 

Moisture 
expansion 
sifter  au to- 
clave  ' 

Per  cent 

2. 

7.  5 

0. 

9.5 

G.  5 
10 
10 

Per  cent 

0 

P<T  CtT\l 

(J.  0,'. 
.  07 
.07 
.0* 

.  11 

.  10 
.  HI 
.  0> 

i 

•  0  

Per  cevt 
11 
11 
11 
11 

12 

15 

12 
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"Difference  in  total  expansion  at  ■100"  C.  between  first  and  second  henting  of  unautoclaved  specimen 
which  had  been  taken  from  a  whole  plate  stored  in  the  laboratory  under  normal  atmospheric  conditions 
for  s* vera!  months. 


J  Dtflereace  in  total  expansion  at  400°  C.  between  first  and  second  honting  of  specimen  autoclaved  for  one 
hour  in  steam  at  ISO  Ibs./ln  1  pressure. 

'  Especially  selected  and  tested  for  unbroken  glaze  before  specimen  was  taken  from  plate. 

"It  was  shown  by  Scburecht  (footnote  1,  p.  291)  that  glazes  may  undergo  moisture  expansion.  This  is 
further  evidence  that  thoy  are  not  impervious  to  moisture. 
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(c)  EFFECT  OF  VARIOUS  DRYING  TEMPERATURES  ON  THE  LENGTH  OF  AUTO- 

CLAVED  SPECIMENS 


A  number  of  observations  were  made  by  holding  autoclaved  speci- 
mens at  several  temperatures  (maintaining  the  temperatures  as  nearly 
constant  as  possible)  and  observing  length  changes.    Seven teer  tests 


were  made  on  three  different  bodies.  These  tests  were  modifications 
of  the  following,  the  results  of  which  are  typical  and  are  discussed  in 
detail: 

1.  A  specimen  of  brand  No.  5  was  "autoclaved"  for  two  hours  at 
150  lbs./in.*  steam  pressure  while  immersed  in  water.   Length  changes 
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were  then  observed  while  the  specimen  was  heated  in  a  furnace  to 
approximately  118°  C.  and  held  for  b%  hours,  reheated  to  approxi- 
mately 180°  C.  and  held  for  1%  hours  and  again  heated  to  246°  C. 
and  held  for  1%  hours  and  finally  heated  to  600°  C.  The  specimen 
was  permitted  to  cool  to  room  temperature  after  each  heat  treatment. 


The  results  obtained  are  shown  by  the  curves  in  Figure  4.  The 
specimens  were  held  at  each  temperature  until  further  length  changes 
were  negligible. 

2.  Length  changes  of  a  second  specimen  of  brand  No.  5  were 
observed  while  the  specimen  was  held  at  approximately  245°  C.  for 
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five  hours.  As  is  evident  from  the  curve  in  Figure  5,  the  rate  of 
contraction  had  decreased  considerably  at  the  end  of  the  5-hour 
period,  but  conditions  had  not  reached  equilibrium.  The  specimen, 
after  cooling  to  room  temperature,  was  again  heated  to  approxi- 
mately 245°  C.  and  held  for  four  and  one-half  hours,  after  which  the 
temperature  was  raised  to  325°  C. 

3.  Two  specimens  of  brand  No.  15  were  autoclaved  for  two  hours 
at  150  lbs./in.2  steam  pressure  while  immersed  in  water.  Length 
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Figure  3. — Water  absorption  and  difference  in  total  thermal  expan- 
sion at  400°  C.  (during  first  and  second  tests)  of  autoclaved  speci- 
men* of  16  brands  of  commercial  whiteware  (data  in  Table  S) 
The  difference  In  total  expansion  at  400°  Is  considered  as  moisture  expansion. 

changes  of  one  specimen  were  then  observed  while  the  specimen  was 
heated  to  approximately  260°  C.  and  held  for  two  hours  (A,  fig.  6), 
after  which  the  temperature  was  raised  to  380°  C.  Length  changes 
of  the  second  specimen  were  observed  while  heating  it  to  680°  C.  at  a 
constant  rate  of  temperature  increase  (B,  fig.  6)  permitting  it  to  cool 
to  room  temperature,  and  again  heating  to  680°  C.  at  a  constant 
rate  of  3°  C.  per  minute. 
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The  information  given  in  Figures  4,  5,  and  6  indicates  that  the 
reactions  induced  by  heating  autoclaved  specimens,  and  evidenced 
by  contraction,  are  relatively  sluggish  at  120°  C,  proceed  faster  as  the 
temperature  is  raised,  and  are  markedly  accelerated  at  temperatures 
above  230°  C. 

2.  EXPERIMENTAL  BODIES 
(a)  EFFECT  OF  COMPOSITION,  HEAT  TREATMENT  AND  ABSORPTION  ON  MOISTURE 


As  originally  outlined  this  phase  of  the  investigation  included  the 
making  and  testing  of  435  specimens  representing  20  different  bodies, 
each  of  which  was  to  be  heated  at  several  temperatures  as  specified 
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Figure  4. — Length  changes  of  an  autoclaved  specimen  of  commercial  body  No. 

6  when  held  at  various  temperatures 
All  tests  made  on  the  same  specimen  after  one  autoclave  treatment. 

in  Table  1 .  Three,  specimens  were  prepared  for  each  heat  treatment 
of  each  body.12  Because  of  the  extreme  weakness  of  many  of  the 
specimens,  particularly  the  A  series  (flint  feldspar),  and  the  speci- 
mens of  the  B  series  (clay  feldspar)  heated  at  the  lower  temperatures, 
only  215  were  available  for  the  entire  series  of  tests.  Had  this  been 
anticipated,  fewer  bodies  and  more  specimens  of  each  would  have 

»« It  has  been  shown  by  previous  Investigators  (footnote  1,  p.  2M)  that  the  relative  porosity  is  an  Important 
factor  In  determining  the  extent  of  the  reaction  of  ceramic  bodies  with  moisture.  Obviously  the  relative 
moUture  expansions  of  two  bodies  varying  In  composition  are  not  cum  parable  unless  the  porosity  is  the 
same  both  In  extent  and  in  nature.  Not  only  Is  the  nature  of  the  pore  space  difficult  of  determination 
(ratio  of  fine  to  coarse  pores,  etc.).  but  It  would  be  practically  Impossible  to  dovelop  the  same  porosity  In  two 
bodies  of  the  whiteware  type,  varying  In  composition,  without  using  a  different  heat  treatment  for  each. 
This  Introduces  a  third  variable  which,  it  was  anticipated,  would  be  a  significant  factor.  It  was  this 
practical  difficulty  of  changing  only  one  variable  at  a  time  that  prompted  the  study  of  such  a  large  number 
of  specimens  in  the  hope  that  the  data  could  be  studied  as  group  ave 


by 


either  composition,  porosity,  or  heat 


which  might  Indicate  the  effect 
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been  made.  However,  such  values  as  could  be  determinec  are 
presented  in  Table  4.  This  table  gives  the  average  percei  tage 
moisture  expansion  and  water  absorbed  for  each  body  during  the  .  uto- 
clave  treatment,  but  only  the  group  averages  of  each  series  of  b  >dies 
for  the  determinations  which  were  made  after  the  drying  treatra  mts. 


As  stated  in  footnote  12,  the  analysis  of  data,  obtained  by  heating 
a  number  of  different  ceramic  bodies  to  a  series  of  temperatures  ana 
subjecting  them  to  moisture  in  an  autoclave  at  elevated  temperatures, 
is  made  difficult  by  the  fact  that  one  factor  can  not  be  changed 
without  changing  others.    In  studying  the  data  (Table  4)  it  should 
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be  remembered  that  only  one  clay,  one  feldspar,  and  one  flint  were 
investigated.  Also,  little  significance  can  be  attached  to  certain 
irregular  absorption-temperature  relations  because  the  bodies  were 
heated  by  the  draw-trial  method,  which  is  comparatively  rapid  and 
not  suitable  for  a  study  of  absorption-temperature  relations. 

The  length  measurements  snow  that  autoclaved  specimens  of 
earthenware  which  have  expanded  due  to  reaction  with  moisture 
apparently  return  to  their  original  length  when  held  for  a  reasonably 
short  time  at  250°  to  270°  C.  in  air  and  under  atmospheric  pressure. 
However,  the  most  noticeable  development  is  the  unique  behavior 
of  the  C  (or  clay-flint)  series  of  bodies.    Although  the  compositions 
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UMPtRATURL  IN  'C. 

Figure  6. — These  thermal  expansion  curvet  for  commercial  body  No.  15  {together 
with  the  curves  given  in  Jigs.  4  and  6)  show  that  subjection  to  a  temperature 
of  approximately  250°  C.  for  a  relatively  short  time  is  sufficient  to  overcome 
the  effect  of  autoclave  treatment  on  length  change,  while  prolonged  treatment 
at  lower  temperatures  is  not 

are  very  refractory,  and  the  specimens  highly  porous,  even  after 
heating  to  cone  18,  the  only  specimens  showing  a  significant  length 
change,  or  moisture  expansion,  after  autoclaving  are  those  heated  to 
cone  8.  This  indicates  that  a  body  composed  of  the  clay  used  in  this 
investigation  (Georgia  kaolin)  and  of  flint  would  be  very  resistant  to 
moisture  expansion  even  though  the  porosity  was  relatively  high. 
The  data  obtained  by  Holscher  13  would  indicate  that  this  might 
not  be  true  for  all  clays. 


UJ.  Am.  Cer.  Soc.,  vol.  14  (3).  p.  207,  1931. 
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A  point  of  interest  concerning  the  B  series  is  the  progressively 
decreasing  resistance  to  expansion  which  was  shown  by  the  bodies 
fired  to  cones  02,  2,  and  4  even  though  the  percentage  absorption  also 
decreased.  (Table  4  and  fig.  7.)  This  led  to  the  supposition  that 
crystalline  or  unaltered  feldspar  is  less  susceptible  to  moisture  expan- 
sion than  feldspar  glass.  Therefore,  a  specimen  of  raw  feldspar  No. 
3  and  one  of  the  same  sample  fused  at  1,225°  C,  both  ground  to  pass 
a  No.  325  United  States  standard  sieve  (<  80m),  were  subjected  to 
identical  autoclave  treatment.  Also,  specimens  of  body  B4  heated  to 
cones  02,  6,  and  10  were  examined  petrographically.14  It  was  found 
that  the  body  heated  to  cone  02  was  composed  of  two  phases — 
unmelted  feldspar  (index  of  refraction  =  1.52)  and  dehydrated  clay 
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FiauRB  7. — Relation  between  water  absorption  and  moisture  expansion  of  the 
£y  clay-feldspar  series  of  bodies  (B,  Table  4) 

The  numbers  indicate  the  temperatures,  in  terms  of  cones,  to  which  the  specimens  were  heated. 


(index  of  refraction  =  1.53  to  1.54).  The  specimen  fired  to  cone  6 
contained  three  phases — melted  feldspar  (index  of  refraction  =  1.49), 
unmelted  feldspar  (index  of  refraction  =  1.52),  and  dehydrated  clay 
(index  of  refraction  =  1.53  to  1.54).  The  cone  10  specimen  contained 
the  same  phases  as  that  fired  to  cone  6,  but  much  more  of  the  feldspar 
had  melted.  The  absorption  values  obtained  for  raw  and  fused  feld- 
spar, which  are  given  in  Table  5  and  supported  by  the  other  values  for 
fused  feldspar  in  Table  2  when  considered  in  connection  with  the 
phase  compositions  of  the  B  bodies  examined  may  be  accepted  as 
supporting  the  supposition.  Therefore,  commercial  earthenware, 
which  is  matured  at  about  cone  6  and  has  an  absorption  averaging  10 
per  cent,  may  have  a  structure  peculiarly  susceptible  to  moisture 
expansion. 

u  Examinations  made  by  R.  H.  Ewell. 
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3.  INDIVIDUAL  MATERIALS 
(a)  RELATIVE  REACTION  TO  MOISTURE 

Holscher  16  found  that  a  body  composed  of  feldspar,  clay,  and  flint 
showed  greater  length  changes  after  autoclave  treatment  than  the 
pure  clay  although  the  absorptions  were  lower.  This  indicates  that 
the  other  constituents  of  the  bodies  he  investigated,  namely,  the  feld- 
spar or  flint,  may  bo  even  more  reactive  to  moisture  than  the  clay. 
Schurecht 16  investigated  a  series  of  bodies  in  which  ball  clay,  feldspar 
and  flint  were  varied  between  wide  limits.  He  found  that  a  mixture 
of  40  per  cent  feldspar  and  60  per  cent  flint  showed  the  greatest  per- 
centage length  change  in  the  series  (0.188  per  cent),  while  60  per  cent 
feldspar  and  40  per  cent  flint  showed  only  0.100  per  cent.  The 
absorptions,  however,  were  13.4  per  cent  for  the  former  and  5.0  per 
cent  for  the  latter  mixture.  Whether  the  relatively  high  moisture 
expansion  of  the  former  mixture  was  induced  by  a  reaction  between 
the  flint  and  feldspar,  as  Schurecht  surmised,  or  because  the  presence 
of  the  flint  produced  sufficient  porosity  to  permit  the  water  vapors  to 
react  with  a  greater  portion  of  the  body  had  not  been  proven.  It  is 
worthy  of  note  that  the  three  bodies  of  Schurecht's  series  which  showed 
unusually  low  expansions,  considering  their  high  absorptions,  con- 
contained  no  feldspar.  The  data  indicate  feldspar  to  be  a  material 
highly  reactive  to  water  vapor.  This  indication  was  strengthened  by 
the  results  of  preliminary  tests  given  in  part  A  of  Table  2.  The 
values  given  in  part  B  of  'fable  2  are  for  individual  powdered  materials 
heated,  recrushed  and  autoclaved  as  described  in  Part  II. 


Table  5. — Effect  of  particle  size  on  percentage  gain  in  vmght  during  autoclave 

treatment  (samples  exposed  to  vapor  only) 


Material 

• 

Particle 
size 

Oain  in  weight 

Sample  1 

Sample  3 

Feldspar^No.  3: 1 

It 

<80 
|  <H0 

{  80-10 

I  <io 

f  Original. 
1  >l 

Per  cent 
2.8 
.18 
.27 
1.7 

2.3 
1.7 
3.2 

Per  cent 

Per  eent 

Raw    !  

I/O  moor  china  clay  1 

0.22 
.28 
1.2 

2.2 
1.7 
3.3 

1.2 

>  Autoclaved  at  500  lbs/in.)  steam  pressure  for  I  hour  (250*  C). 

«  Autoclaved  at  320  to  350  lbs./in.»  steam  pressure  for  16  hours  (225°db5°  C). 


The  relative  reactions  of  individual  materials  with  moisture  (Table 
2)  lead  to  conclusions  similar  to  those  indicated  by  the  results  of  the 
much  longer  series  of  tests  with  experimental  bodies.  The  weight 
increase  of  the  feldspar  glass  investigated  was  the  greatest,  that  of 
dehydrated  clay  was  considerably  less,  and  that  of  the  calcined  flint 
almost  negligible.  This  is  in  accord  with  the  observed  fact  that  the 
bodies  containing  no  feldspar  (series  C,  Table  4)  showed  the  least 
expansion.  No  lepidolite  or  Cornwall  stone  having  been  used  in  the 
experimental  bodies,  the  data  obtained  with  them  are  of  general 

•*  See  footnote  13.  p.  301.  '«  J.  Am.  Ceram.  Soc.,  vol.  12  (8),  p.  506,  1029. 
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interest  only.  However,  they  are  of  possible  value,  when  compared 
with  those  for  feldspar,  to  those  concerns  using  lepidolite  or  Cornwall 
stone  in  their  bodies  and  glazes. 

(b)  EFFECT  OF  PARTICLE  SIZE 

The  values  obtained  by  autoclave  treatment  of  fractions  of  one 
feldspar  and  of  one  clay,  the  fractions  differing  in  the  range  of  particle 
sizes  comprised,  are  given  in  Table  5.  They  may  be  taken  as  further 
evidence  that  reactions  with  moisture  in  an  autoclave  will  increase 
with  increase  in  the  surface  exposed  per  unit  mass.  This  is  to  be 
expected  since  there  is  no  breaking  down  of  the  structures  and  the 
reaction  is  confined  to  the  original  surfaces  or  must  proceed  from 
these  surfaces. 

(c)  PETROGRAPHIC  EXAMINATIONS 

These  petrographic  examinations  and  the  following  report  were 
made  by  Dr.  H.  Insley. 

Georgia  clay  (heated  to  1,225°  C,  recrushed  to  pass  a  No.  120  sieve,  and  auto- 
claved  at  760  to  800  lbs./in.*  steam  pressure  or  at  approximately  275°  C,  for  22 
hours).  Mean  index  of  refraction  of  grains  about  1.57.  No  difference  between 
autoclaved  and  unautoclaved  samples. 

Cornwall  stone  (same  treatment  as  Georgia  kaolin).  No  apparent  difference 
between  autoclaved  and  unautoclaved  samples. 

Mica  and  quartz  (same  treatment  as  Georgia  kaolin).  No  perceptible  effect 
of  autoclaving. 

Lepidolite  (same  treatment  as  Georgia  kaolin) .  Some  etching  marks  on  sur- 
faces of  grains,  but  otherwise  indistinguishable  from  lepidolite  which  has  been 
heated  but  not  autoclaved. 

Raw  feldspar  No.  3  (<10  m;  autoclaved  at  800  lbs./in.*  steam  pressure  or  275°  C, 
for  16  hours).    Identical  with  untreated  material. 

Raw  feldspar  No.  3  (10  to  80  n;  same  treatment  as  other  raw  feldspar) .  Identi- 
cal with  untreated  feldspar. 

Feldspar  No.  3  (heated  at  1,225°  C;  recrushed  to  pass  a  No.  120  sieve  and  auto- 
claved for  24  hours  at  700  to  1,000  lbs./in.3  steam  pressure  or  approximately  265° 
to  290°  C).  The  feldspar  is  fused.  Index  of  grains  is  slightly  but  unmistakably 
higher  than  the  unautoclaved  sample.  (Unautoclaved=  1.493,  autoclaved  = 
1.496.)  Autoclaved  sample  shows  a  slight  etching  of  the  surface  of  the  grains. 
The  unautoclaved  sample  shows  an  extremely  narrow  laver  on  each  grain  some- 
what higher  in  index  than  the  body  of  the  grain.  The  higher  index  of  the  auto- 
claved sample  may  be  due  to  the  annealing  action  during  the  autoclave  treatment. 

4.  NATURE  OF  REACTION  TERMED  MOISTURE  EXPANSION 

While  the  results  obtained  in  this  investigation  throw  further  light 
on  the  factors  affecting  the  resistance  of  ceramic  whiteware  to  moisture 
expansion,  they  offer  no  evidence  regarding  the  nature  of  the  reaction 
involved.  Any  of  the  observed  facts  can  apply  equally  well,  whether 
this  expansion  is  caused  by  adsorption,  absorption,  or  solid  solutions. 
It  is  possible  that  the  nature  of  the  reaction  could  be  proven  using 
the  method  described  by  Washburn  17  for  studying  the  dissociation 
equilibrium  of  autoclaved  material  at  different  temperatures.  This 
method  has  been  used  by  Schwarz  18  and  Huttig  19  in  a  study  of  silica 
and  its  hydrates. 


»  J.  Franklin  Inst.,  p.  753,  June,  1922. 
"  Ztachr.  Kletmochera.,  vol.  32.  p.  415, 
I'Ztschr.  anor.  Chom.,  vol.  121,  p.  213, 
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IV.  CONCLUSIONS 

The  most  important  conclusions  justified  by  the  data  obtained  in 
this  investigation  may  be  summarized  briefly  as  follows: 

1.  Fused  feldspar  is  the  most  susceptible  to  moisture  expansion  of 
the  materials  investigated. 

2.  The  increasing  content  of  fused  feldspar  and  the  decreasing 
absorption  of  whiteware  bodies  heated  to  progressively  higher 
temperatures  are  counteracting  influences  which  apparently  result  in 
least  resistance  to  moisture  expansion  for  those  bodies  matured  at 
cone  6  to  8  and  having  an  absorption  of  about  10  per  cent. 

3.  Glazed  earthenware  may  be  subject  to  crazing  caused  by 
penetration  of  moisture  through  the  glaze  and  the  resultant  moisture 
expansion  of  the  body. 

4.  Reactions  induced  by  heating  autoclaved  specimens  and  evi- 
denced by  contraction  are  relatively  sluggish  at  120°  C,  proceed 
faster  as  the  temperature  is  raised,  and  are  markedly  accelerated  at 
temperatures  above  230°  C. 

5.  Autoclaved  specimens  of  whiteware  which  have  expanded  due 
to  reaction  with  moisture  apparently  return  to  their  original  length 
when  cooled  to  room  temperature  after  holding  for  a  reasonably  short 
time  at  250°  to  270°  C.  in  air  and  under  atmospheric  pressure. 

Washington,  June  21,  1932. 
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INFRA-RED  ARC  SPECTRA  PHOTOGRAPHED  WITH 

XENOCYANINE 

By  W.  F.  Meggers  and  C.  C.  Kiess 


ABSTRACT 

A  new  sensitizing  dye,  xenocyanine,  has  made  possible  the  preparation,  by  the 
Eastman  Kodak  Co.,  of  plates  highly  sensitive  to  infra-red  light  ranging  in  wave 
length  from  8,000  to  11,000  A.  W"itb  such  plates  the  infra-red  arc  spectra  of 
about  50  elements  have  been  observed  at  the  Bureau  of  Standards.  New  wa  ve- 
length  measurements  have  been  made  for  Ti,  Fe,  Co,  Ni,  and  Zr,  and  are  presented 
in  this  paper.  Many  of  these  new  lines  have  been  accounted  for  as  combinations 
between  previously  known  terms  of  the  neutral  atoms.  In  the  case  of  Ti  a  new 
term,  <z*D,  has  been  found.  Both  Ti  and  Fe  are  rich  in  strong  lines  in  the  region 
investigated  and  are  recommended  as  suitable  comparison  spectra  for  the  measure- 
ment of  wave  lengths  in  the  infra-red. 
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I.  INTRODUCTION 

More  than  a  decade  has  passed  since  the  authors  1  published  several 
papers  on  the  infra-red  emission  spectra  of  various  metallic  arcs. 
Use  was  made  of  photographic  plates  bathed  in  solutions  of  dicyanin 
which  was  the  best  photographic  sensitizer  then  known  for  the  infra- 
red. Dicyanin  exhibits  its  maximum  sensitivity  in  the  red  at  wave 
length  7,000  A,  but  it  is  characterized  by  a  broad  band  which  made  it 
possible  to  record,  with  prolonged  exposures,  the  strongest  lines  between 
9,000  and  10,000  A.  It  appears  now  that  the  practical  limit  of  dicy- 
anin as  employed  by  us  is  about  9,800  A,  and  nearly  all  of  the  lines 
observed  with  apparently  greater  wave  length  have  been  explained  as 
Lyman  ghosts  produced  by  the  diffraction  grating  when  very  long 
exposures  are  used. 

A  new  infra-red  sensitizer,  called  neocyanine,2  was  discovered  in 
1926;  its  sensitizing  action  is  a  maximum  at  8,100  A  and  it  has  been 
used  extensively  for  the  photography  of  spectra.  However,  its 
sensitizing  band  is  much  narrower  than  that  of  dicyanin,  the  action 
falling  off  very  rapidly  beyond  9,000  A,  so  that  no  appreciable  advance 
was  made  in  the  study  of  infra-red  spectra. 

i  W.  I- .  McvKcrs.  B.  S.  Sc..  Pj.ptr?,  vol.  14  (8.;::-).  p.  S71,  1DJ8.  W.  f.  Mergers  ar.iJ  C.  C.  Kiess.  B.  S, 
t-c  .  I'Brrrj,  vol.  14  (SL21),  p.  (siT,  li>l>..  C.  C.  K.rM-  mid  W.  F.  Megger?,  B.  S.  Sci.  Papers,  vol.  U;  i£s72) 
p.  51,  V  W. 

'  M.  L.  Dutulcn,  A.  L.  ScSoen,  ami  K.  M.  Brirps.  J.  Opt.  Soc.  Am.  and  Rev.  Sci.  Ins*.,  vol.  12,  p.  397, 
1926. 
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The  recent  discovery,  in  the  Eastman  Kodak  research  laboratories, 
of  a  new  infra-red  sensitizer,  xenocyanine,  is  now  recognized  as  begin- 
ning a  new  era  in  infra-red  spectroscopy.  Photographic  emulsions 
containing  xenocyanine  have  two  remarkable  properties — (1)  a  very 
broad  sensitizing  band  which  ranges  from  about  8,000  to  11,000  A 
with  a  maximum  at  9,600  A,  (2)  extraordinary  speed,  which  is  estimated 
at  one  hundred  to  one  thousand  times  that  of  the  best  materials 
heretofore  available  for  the  interval  9,000  to  10,000  A.  At  the  Bureau 
of  Standards  more  than  50  spectra  have  now  been  explored  in  the  infra- 
red with  these  new  plates,  and  in  nearly  all  cases  many  new  lines  have 
been  discovered.  In  this  paper  results  are  presented  for  titanium, 
iron,  cobalt,  nickel,  and  zirconium. 

II.  APPARATUS  AND  METHODS 

The  light  source  in  each  case  was  a  direct-current  arc  carrying 
6  to  8  amperes  with  an  applied  potential  of  220  volts.  Rods  of  iron, 
cobalt,  and  nickel  served  as  arc  electrodes,  while  in  the  cases  of  titan- 
ium and  zirconium,  pieces  of  metal  were  used  in  a  copper  arc. 

The  spectrograms  were  made  with  a  concave  grating,  mounted 
stigmatically,  as  described  elsewhere,'  the  dispersion  being  10.4 
A/mm  in  the  first-order  spectrum.  The  infra-red  spectra  were  photo- 
graphed in  the  first  order  with  exposures  of  20  to  60  minutes  and 
adjacent  portions  of  the  plate  were  exposed  for  1  minute  to  the 
second-oraer  spectrum  of  iron  for  the  purpose  of  wave-length  measure- 
ments. For  titanium  and  iron  the  stronger  lines  were  photographed 
also  with  the  grating  ruled  with  20,000  lines  per  inch,  giving  a  disper- 
sion of  3.6  A/mm. 

The  xenocyanine  plates  were  hypersensitized  in  a  dilute  ammonia 
bath  just  before  use  in  the  spectrograph,  and  they  were  developed  in 
Eastman  Kodak  X-ray  developer  at  about  18°  C.  immediately  after 
exposure. 

Wave-length  determinations  in  the  infra-red  spectra  involved  care- 
ful measurement  of  the  position  of  the  lines  relative  to  lines  in  the 
blue  and  green  portions  of  the  iron  spectrum  recorded  in  juxtaposi- 
tion. The  values  of  the  iron  lines  were  those  adopted  as  secondary 
standards  by  the  International  Astronomical  Union,4  their  apparent 
values  for  the  interpolation  of  wave  lengths  corresponding  to  infra- 
red lines  being  assumed  to  be  exactly  double  their  actual  values. 

III.  RESULTS 

1.  TITANIUM 

In  Table  1  are  presented  the  new  wave  lengths  measured  in  the  arc 
spectrum  of  Ti  and  extending  it  1,000  A  beyond  the  longest  line  pre- 
viously recorded.  The  most  complete  list  of  Ti  1  lines  published  to 
date  is  that  compiled  by  Prof.  H.  N.  Russell  *  from  various  sources 
and  giving  the  classifications  of  nearly  1,400  lines  as  combinations 
between  terms  of  the  singlet,  triplet,  and  quintet  systems.  Our  list 
overlaps  Russell's  by  nearly  1,500  A,  and  a  comparison  of  the  two 
well  illustrates  the  advantage  of  the  new  photographic  materials  over 


«  W.  F.  MfVKors  an.l  K  Hums.  B.  8.  8ci.  Pa[«>rs  (No.  441),  18,  p.  191,  1922 
*  Trans.  Internal  Astron.  Union,  vol.  3,  p.  77,  1923*. 
1  Astrophys.  J.,  vol.  66,  p.  Ml,  1927. 
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those  formerly  used.  Not  only  are  the  intensity  estimates  of  the  lines 
greatly  increased  but  many  faint  lines,  predictable  from  term  combi- 
nations and  heretofore  unobserved,  are  now  recorded. 

In  addition  to  wave  length  and  intensity  estimates,  Table  1  records 
for  each  line  its  vacuum  wave  number  and  its  term  combination. 
Most  of  the  classifications  are  based  on  the  terms  given  by  Russell 
which  we  have  expressed  in  the  current  standard  notation.9  A  key 
for  translating  Russell's  notation  into  that  used  at  present  is  to  be 
found  in  a  recent  paper  by  Miss  Moore.7 

As  shown  in  Russell's  analysis  of  Ti  i  a  group  of  metastable  terms  is 
to  be  expected  arising  from*  the  electron  configuration  3d4.  Of  this 
group  of  terms  we  have  found  a*D  which  actually  lies  higher  in  the 
energy  diagram  than  the  lowest  odd  terms  (^D0  and  z*F°)  of  the 
middle  group  with  which  it  combines.  The  values  of  the  components 
of  a5D  relative  to  asF2  =  0  are  given  in  Table  2. 


Table  1. —  Wave  length*  in  the  infra-red  spectrum  of  titanium 


X»tr  I.  A. 

Intensity 

r,„  cm-' 

Term  coniMnntion 

10,  774.  82 
10,  732.  84 
10,  731.  11 
10,  726.  27 
10,  689.  33 

1 
1 
0 
4 
1 

9,  278.  36 
9,  314.  65 
9,  316.  15 
9,  320.  35 
9,  352.  56 

a«F,-z«Gi 

xsD|-/5F4 
a»F,-*5G$ 
jr»Dj-/»F, 

10,  676.  90 
10,  661.  50 
10,  607.  71 
10.  584.  67 

a     ■  %m^&  a*  ^m  ■ 

10,  552.  87 

2 
8 
1 
12 
1 

9,  363.  44 
9,  376.  98 
9,  424.  52 
9  445.  12 

V  ft      *  *            A  mm 

9,  473.  50 

a8F,-2*Gj 
asFi-z5G5 
a5Fs-z5G; 
a5Fr-z8Gi 
a»H,-y»Gj 

10,  496.  08 
10,  459.  98 
10,  396.  78 
10,  145.  40 
10,  120.  87 

15 
3 

20 
5 
7 

9,  524.  76 
9,  557.  63 
9,  615.  72 
9,  853.  98 
9,  877.  87 

a»F«-«»G8 
a'Hs-j/'GS 
a»F^2»Gl 

a»Dr-x»Dj 

10,  066.  47 
10,  059.  87 
10,  057.  69 
10,  050.  11 
10,  048.  78 

8 
12 
25 

5 
12 

9,  931.  25 
9,  937.  77 
9,  939.  92 
9,  947.  41 
9,  948  73 

rfDr-s'Di 
6»F,-z»G§ 
o»D,-*»Dl 

tVFj-s'Gi 

10,  034.  45 
10,  011.  72 
10,  003.  02 
9,  997.  94 
9,  981.  16 

15 
15 
25 
15 
5 

9,  962.  94 
9,  985.  56 
9,  994.  24 
9,  999.  32 
10,  016.  13 

W-^GS 
a>D,-z»Di 

asG,-y»F5 

9,  94a  98 
9,  941.  33 
9,  930.  30 
9,  927.  35 

9,  923.  25 

8 
8 
1 
20 

2 

10,  048.  53 
10,  056.  26 
10,  067.  44 
10,  070.  42 

10,  074.  58 

a>Di-x»D$ 
a»Di-i»Dj 
l/iGi-e'G* 
a«G«-^Fs 

f  a»D,-t/»Gs 
o»D^y»Gj 

I  y»G|-e»F4 

•  Phys.  Re*.,  vol.  33,  p.  800,  1929.  »  Astrophys.  J.,  vol.  75,  p.  235,  1932. 
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Tablk  1. — Wave  lengths  in  the- infra-red  spectrum  of  titanium — Continued 


X»,r  I.  A. 

Intensity 

Ter.u  combination 

9,  879.  41 
9,  832.  15 
9,  813.  45 
9,  787.  67 
9,  783.  59 

3 
25 

5 
50 
20 

10,  119.  29 
10,  167.  93 
10,  187.  30 
10,  214.  14 
10,  218.  40 

aJGr-t/»Fi 
alG5-y*rj 

a5F,-2sI;:. 
a*Fr-s5Fl 

9,  783.  30 
9,  770.  28 
9,  768.  22 
9,  746.  86 
9,  743.  60 

40 
40 
5 
15 
50 

10,  218.  70 
10,  232.  32 
10,  234.  47 
10,  256.  91 
10,  260.  34 

aJF4-*sF3 
a5Fj  -z*Fi 

**D?-a»D, 
a»F,-2JFl 

9,  737.  77 
9,  728.  36 
9,  718.  96 
9,717.00 
9,  715.  51 

5 
60 
25 
10 

3 

10,  206.  48 
10,  276.  41 
10,  286.  35 
10,  2S8.  42 
10,  290.  00 

2s Dj  aJDt 
o*Fr-  zsFj 
a^-z'Fi 
rsD3-a»D3 
2»D!-asD0 

9.  705.  64 
9,  702.  86 
9,  690.  62 
9,  688.  86 
9,  678.  98 

80 
3 

o 

30 
3 

10,  300.  47 
10,  303.  42 
10,  316.  43 
10,  318.  31 
10,  328.  85 

aivz~z  ^  j 
^Dj-a*Da 

a'Fj-^Fj 
csD8-a*D, 

9,  675.  55 
9,  663.  19 
9,  661.  42 
9,  652.  38 
9,  651.  66 

90 
3 

10 
1 
1 

10,  332.  50 
10,  345.  72 
10,  347.  61 
10,  357.  30 
10,  358.  07 

a»F,-2sFj 

r*Dl-a4D2 

a3D3-z*PS 

24Ds-a»D3 

25D$-a5D« 

9,  647.  91 
9,  647.  40 
9,  638.  28 
9,  60a  77 
9,  602.  38 

1 

50 
100 
3 
1 

10,  362.  10 
10,  362.  65 
10,  372.  45 
10,  406.  48 
10,411.  23 

aJF2-zsF$ 
asF5-25F| 

y*D3  r*F4 

9,  599.  53 
9,  590.  15 
9,  588.  77 
9,  570.  08 
9,  550.  11 

50 
3 
4 
4 

2 

10,414.  32 
10,  424.  51 
10,  426.  01 
10,  446.  37 
10,  468.  21 

flJFrr^ 
^DSV'F* 
iW-^Fi 
v*FS-,/*Fj 
i/*F5-/»F, 

9,  546.  07 
9,  511.  80 
9,  511.  55 
9,  510.  81 
9,  508.  49 

50 
8 
10 
12 
20 

10,  472.  64 
10,  510.  37 
10,  510.  65 
10,  511.  47 
10,  514.  03 

o»F4-z5Fi 
t/^V/^F, 

t/5Fj-/>F, 
j,sF;-/*F« 

9,  506.  04 
9,  473.  51 
9,  453.  22 
9,  431.  77 
9,  409.  69 

25 
2 
3 
3 
2 

10,  516.  76 
10,  552.  86 
10,  575.  51 
10,  599.  56 
10,  624.  44 

y*FV/*F5 
f/sFi-/>F2 
^Fl-^F, 

if  ■*  -   J  * 

l^FVPF* 

9,  312.  48 
9,  305.  04 
9,  285.  04 
9,  257.  62 
9,  246.  14 

4 
1 

5 
7 

10 

10,  735.  34 
10,  743.  92 
10,  767.  06 
10,  798.  95 
10,  812.  36 

v'Fj-^G, 
x*Fl-e*V, 

i/»Fs-e»G» 
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Table  1. —  Wave  lengths  in  the  infra-red  spectrum  of  titanium — Continued 


X»ir  I.  A. 


9,  170.  38 
9,  167.  53 
9,  135.  92 
9,  123.  14 
9,  090.  70 

9,  087.  67 
9,  086.  94 
9,  027.  32 
9,  023.  65 
8,  989.  44 

8,  985.  80 
8,  863.  09 
8,  821.  14 
8,  819.  39 
8,  794.  40 

8,  778.  66 
8,  766.  64 
8,  761.  44 
8,  737.  31 
8,  734.  70 

8,  725.  76 
8,  719.  56 
8,  692.  34 
8,  682.  99 
8,  675.  38 

8,  641.  47 
8,  63a  38 
8,  629.  33 
8,  61&  44 
8,  61&  14 

8,  612.  91 

8,  600.  98 

8,  598.  18 
8,  578.  40 
8,  569.  72 

8,  565.  45 
8,  550.  54 
8,  548.  07 
8,  539.  36 
8,  531.  36 


8,  526.  36 
8,  525.  99 
8,  518.  37 
8,  518.  05 

8,  496.  03 

8,  495.  51 
8,  494.  42 
8,  483.  16 
8.  468.  46 
8,  467.  15 


Intensity 


2 
8 
2 
5 
25 

2 
2 

15 
2 

12 

2 
3 
12 
8 
8 

30 
75 
15 
7 
75 

6 
30 
100 
125 
150 

40 
18 
18 
20 
15 

7 

25 

60 
15 
50 

25 
25 
100 
60 
15 


8 
8 
100 
60 

60 


15 
30 
25 
100 
75 


rT..  cm-'         Term  combination 


901.  68 
905.  07 
942.  80 
958.  13 
997.  24 

000.  90 

001.  79 
074.  45 
078.  95 
121.  11 

125.  62 
279.  64 
333.  29 
335.  54 
367.  75 


388.  13 
403.  76 
410.  62 
442.  03 
445.  45 

457.  18 
465.  33 
501.  23 
513.  61 
523.  71 

568.  93 
575.  75 
585.  20 

599.  85 

600.  25 

607.  29 

623.  39 

627.  18 
653.  99 
665.  79 

671.  61 
691.  96 
695.  34 
707.  26 
718.  25 


725.  11 
725.  63 
736.  11 
736.  55 

76a  97 


767.  69 
769.  20 
784.  83 
805.28 
807.  11 


{ 


{ 


asPr-28S} 

c»Pr-i^DS 

a'P^Fj 

a»Pj-25S5 

a'Pr-lffi 

oipj-z'Sj 

a4P,-y»F| 

a'Pj-^Dj 

*>H|-elG4 

a5p3-*»Pi 

a3P2-23D; 

^Pj-j^Dj 

x>Gj-/»G5 

a'Pj-^DT 

a*P,-^Dj 
a'Pj-z'PS 
o>Pa-^DT 
^Pr-z'DS 
a'P^Dj 


6»P,-i^Dt 


a5P2-vAD! 

yP^Dj 

a»P,-y»D8 

&'G«-x»Gs 

a5Pi-y*Dl 

VPo-t^D! 

a'PrVDj 

a»P,-y;,Di 

a3G|-x»Fj 

yPi-u-'Dj 

a»Pi-y»D$ 


aJG4-x»F5 
*»Fj-o5D4 
fe»P2-uJDj 
a'Fr-f'Fj 


a'Pr-y*D5 
o»Gr^»Fl 
a'Gs-x'Fj 
«*Fj-a5D, 
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Table  1. — Wave  lengths  in  the  infra-red  spectrum  of  titanium — Continued 


X.i,  I.  A. 

Intensity 

•>«••  cm"-1 

Term  combtnation 

8,  460.  96 
8,  457.  10 
8,  450.  89 
8,  442.  98 
8,  438.  93 

7 
40 
75 
20 
75 

11,  815.  74 
11,  821.  14 
11,  829.  74 
11,  840.91 
11,846.60 

a»H,-s»Gl 
5»P,-a*D! 
a»Hr-x»Gi 

8,  435.  68 
8,  434  98 
8,  42a  50 
8,  424  41 

300 
300 
200 
50 

11,  851.  15 
11,  852.  14 
11,864  07 
11,  867.  01 

a'F<-i*Di 
a»F»-*»D; 
o*Fi-z»D| 
*»Fj-a*D, 

8,  423.  10 
8,  418.  70 
8,  417.  54 
8,  416.  97 

20 
10 
25 
60 

11,  868.  86 
11,  875.06 
11,876.  70 
11,  877.50 

*»Fi-a«D4 
o,H4-z*Gl 

8,  412.  36 
8,  407.  87 
8,  402.  54 
8,  396.  93 

150 

{ 

90 

11,884  01 
11,  890.  37 
11,  897.  90 
11,  905.  84 

o«F,-**Dt 

a»Hs-i»Gl 
o«Fj-**Dl 

8,  389.  48 
8,  382.  82 
8,  382.  54 
8,  377.  90 

25 
90 
100 
100 

11,  916.  42 
11,  925.  89 
11,926.  29 
11,932.  90 

r»Fj-a*D, 
a5Fi-z«D! 
o«F,-*»D; 
o»F^2*Dj 

Table  2.— The  term  o*D 


J 

p 

i 

s 

2 
1 
0 

2&9S2.10 
2X,  8*2.  44 
2R.828.51 
28.791.  02 
28.  772.80 

00.66 
63.03 
36.89 
18.76 

2.  IRON 

The  arc  spectrum  of  iron  is  of  exceptional  interest  because  it  is 
the  main  source  of  internationally  adopted  secondary  standards  of 
wave  length.  Furthermore,  it  is  the  spectrum  in  which  the  largest 
number  of  lines  have  been  classified  on  the  basis  of  modern  theories  of 
spectral  structure,  more  than  2,400  lines  now  being  accounted  for  as 
combinations  of  established  atomic  energy  levels  characteristic  of  the 
neutral  atoms  of  iron. 

Extensive  analyses  of  the  arc  sprectrum  of  iron  have  been  published 
by  Burns  and  Walters  8  and  by  Catalan,9  the  former  being  based  on 
now  measurements  of  wave  lengths  in  the  vacuum  arc,  while  the 
latter  uses  all  available  data  for  the  arc  in  air  and  presents  the  most 
complete  list  of  energy  levels.  Since  our  observations  were  also  made 
at  atmospheric  pressure,  we  arc  quoting  term  combinations  from  the 
latter  paper  in  Table  3  below.  The  results  for  the  infra-red  arc 
spectrum  of  iron  appearing  in  Table  3  include  measured  wave 
lengths,  estimated  relative  intensities,  computed  wave  numbers  in 


•  K.  Bums  and  F.  M.  Walters.  Jr..  Pub.  Allegheny  Obs.,  vol.  6,  No.  11, 

•  M.  A.  Catalan,  Analea  Soc.  Esp.  Fis.  y  Qulm.,  vol.  28,  p.  1239,  1930. 
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vacuum,  and  spectral  term  combinations.  In  the  range  covered  by 
these  photographic  observations  lines  were  observed  radiometrically 
by  Randall  ana  Barker.10  Without  disparaging  the  excellent  quality 
of  the  radiometric  results  as  such,  a  comparison,  nevertheless,  shows 
the  enormous  advantage  of  the  photographic  method  for  recording 
details  and  improving  precision  of  the  measurements. 

Table  3. — Wave  lengths  in  the  infra-red  spectrum  of  iron 


X.lr  I.  A. 

Intensity 

cm  ~* 

Term  combination 

10,  863.  4 
10,  817.  9 
10,  783.  0 
10,  532.  12 
10,  469.  55 

1 
1 
1 

10 
20 

9,  202.  68 
9,  241.  38 
9,  271.  36 
9,  492.  17 
9,  54a  89 

6»D,'-o«F, 

• 

10,  452.  60 
10,  423.  55 
10,  395.  75 
10,  353.  7 
10,  34&  16 

5 
3 
8 

2h 
4h 

9,  564  38 
9,  591.  04 
9,  61  a  68 
9,  655.  77 
9,  660.  91 

10,  345.  2 
10,  340.  77 
10,  218.  36 
10,  216.  42 
10,  195.  11 

1 
4 

3 
100 
2 

9,  663.  70 
9,  667.  81 
9,  783.  63 
9,  785.  48 
9,  805.94 

o*Pr-aJF,' 
c*F«'-20C5 
fc*IV-a*F4 
tfGr-a'Fa' 

10,  187.  4 
10,  167.  4 
10,  145.  64 
10,  142.  82 
10,  115.  18 

1 
1 

80 
2 
1 

9,  8ia  35 
9,  832.  64 
9,  85a  75 
9,  856.  49 
9,  883.  42 

a'Pr^F,' 

&»D,'-a»F, 
c5F,'-29C, 

10,  113.  86 
10,  071.  88 
10,  065.  09 
10,  057.  64 
9,  996.  85 

2 
2 
60 
3 
lh 

9,  884  71 
9,  925.  91 
9,  932.  61 
9,  939.  97 
10,  000.  41 

6»D,'-a»F, 
c*F«'-24C, 

9,  980.  55 
9,  977.  52 
9,  944.  13 
9,  917.  93 
9,  897.  69 

2h 
1 

3h 

1P? 

lp? 

10,  016.  74 
10,  019.  78 
10,  05a  43 
10,  079.  99 
10,  100.  59 

c»F,'-35C 

9,  889.  11 
9,  881.  4 
9,  86a  09 
9,  861.  83 
9,  839.  38 

40 
1 
3 

30 
1 

10,  109.  36 
10,  117.  2 
10,  130.  90 
10,  137.  33 
10,  160.  46 

c*F4'-30C5 

c»F«'-46C, 
c*F,'-39C3 

9,  834.  04 
9,811.  36 
9,  800.  42 
9,  794  91 
9,  786.  62 

3h 
2 
20 
1 
2 

10,  165.  97 
10,  189.  47 
10,  200.  85 
10,  206.  59 
10,  215.  24 

c»F,'-21CM 

c4F,'-49C, 

6»F,'-a*F4 

9,  78a  96 
9,  76a  91 
9,  763.  34 
9,  75a  15 
9,  747.  24 

«5 

15 
15 
10 

2 

10,  21a  01 
10,  23&  99 
10,  239.  59 
10,  250.  29 
10,  256.  50 

c*Fj'-22C5 

c*F/-56C, 
6»D3'-a»F2 

>•  H.  M.  Randall  and  E.  P.  Barker,  Astrophyj.  J.,  toI.  49,  p.  42,  1910. 
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Tablb  3. — Wave  lengths  in  the  infra-red  spectrum  of  iron— Continued 


X.trl.  A. 

Intensity 

i>>M  cm-' 

Term  combination 

9,  738.  73 
9.  699.  70 
9,  693.  69 
9.  68a  57 
9,  676.  42 

200 
6h 
1 
1 
1 

10,  265.  47 
10,  30a  77 
10,  313.  16 
10,  32a  94 
10,  331.  57 

c*F,'-23C, 

o«S,'-48C2 
a»S,'-49C, 

9,  673.  16 
9,  66a  59 
9,  658  94 
9,  657.  30 
9,  653.  18 

lh 

2 
3 
4 

20 

10,  335.  05 
10,  342.  07 
10,  350.  26 
10,  352.  03 
10,  366.  44 

c»F,'-47C4 , 

e»F,'-56C," 

6*D,'-a»F, 

9,  637.  55 
9,  634.  22 
9.  62a  60 
9,  602.  07 
9,  569.  95 

2 
5 
30h 
2 

40h 

10,  37a  25 
10,  37a  82 
10,  385.  00 
10,  411.  57 
10,  44a  51 

c*F,'-49C, 
c*F«'-39C, 

<r»Fi'-30C, 

9,  556.  56 
9,  550.  90 
9,  529.  31 
9,  527.  7 

9,  513.  21 

1 

2 

4h 
1 

lOh 

10,  461.  14 
10,  467.  35 
10,  491.  00 
10,  492.  8 

10,  608  82 

e*D,'-29C, 
6*G,'-^F« 
e»F,'-64C4 
/  c*F4'-45C, 
\  6«Ga'-0»F, 

9,  462.  97 
9,  454.  24 
9,  452.  45 
9,  443.  98 
9,  437.  91 

2 

4h 

2 

lOh 

2 

10,  564.  61 
10,  574.  37 
10,  67a  37 
10,  585.  85 
10,  592.  66 

e*D,'-24C, 
e»F,'-6lC, 
c*F,'-33C4 

c^'-eoc, 

6»F,'-a»F| 

9,  430.  07 
9,  414.  14 
9,  410.  1 
9,  401.  09 
9,  394.  71 

4 

20h 
lh 

lOh 
3h 

10,  601.  47 
10,  619.  41 
10,  624  0 
10,  634  15 
10,  641.  37 

e»F,'-58C 
c»F«'-50C4 

9,  388  28 
9,  382.  83 

9,  372.  84 

9,  362.  36 
9,  359.  37 

3h 
3h 

6 

4 

3 

10,  648  66 
10,  654.  84 

10,  66a  20 

10,  678  13 
10,  681.  55 

/  6»Fr-a»F,' 
\  ^,'-430, 

6"F,-o»D,' 

9,  350.  52 
9,  31&  40 
9,  333.  94 
9F  318  13 
9,  307.  94 

10 

3 
2 
3 
2 

10,  691.  66 
10,  699.  SO 
10,  710.  65 
10.  728.  82 
10,  740.  57 

fr»F4'-aJF4 

c*F4'-a»Dj 

c»F»'-38C. 

c»D,,-29C, 

c*F4'-54C4 

9,  294.  66 
9,  259.  05 
9,  258.  40 
9,  240.  54 
9,  242.  32 

2 
15 
20 
2 
2 

10,  755.  92 
10,  797.  29 
10,  798.  04 
10,  811.  89 
10,  81G.  82 

c«F«'-i9»D, 

f*P«'-2lCv 

6»F,'-a»F4 

M-Y-6'IV 

6*F,'-^D, 

9,  233.  2 
9,  217.  54 
9,  214.  45 
9,  210.  02 
9,  199.  52 

1 

5h 

6 

6 

2h 

10,  827.  5 
10,  845.  91 
10,  849.  54 
10,  854.  76 
10,  867.  15 

b*Gs'— a*G| 
c*F4'-45C, 
c1D4'-22Cs 
t»P,-6»D,' 
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Table  3. — Wave  lengths  in  the  infra-red  spectrum  of  iron — Continued 


X»(r  I.  A. 


9,  178.  57 
9,  173.  46 
9,  166.  44 
9,  156.  9 
9,  155.  9 

9,  X47.  91 
9,  146.  11 
9,  121.  1 
9,  118.  87 
9,  117.  10 

9,  116.  14 
9,  103.  64 
9,  100.  50 
9,  089.  40 
9,  088.  22 

9,084.2 
9,  080.  48 
9,  079.  65 
9,  070.  42 
9,  062.  24 

9,  052.  6 
9,  044.  63 
9,  036.  9 
9,  03a  67 
9,  024.  47 

9,  019.  84 
9,  013.  90 
9,  012.  10 
9,  010.  55 
9,  008.  37 

9,  006.  72 
8,  999.  54 
8,  995.  20 
8,  984.  87 

8,  975.  36 

8,  946.  25 
8,  945.  15 

8,  943.  00 

8,  929.  04 

8,  919.  95 

S,  916.  26 
8,  876.  13 
8,  868.  42 
8,  866.  92 
8,  863.  64 


Intensity 


lh 

4h 

3h 

2 

1 

5h 
3 
1 
20 
2 

2 
1 

5h 
30 
40 

1 

3h 
8 
2 
2 

1 
1 
1 
1 

15 

2 
1 
30 
2 
2 

1 

100 
lp? 
3 

15 
1 

20 

3 

5 
10 


1 

2 
3 
150 
lp? 


m*  cm-1 


10 
10 
10 
10 
10 

10 

10, 
10, 
10, 
10, 

10, 
10 
10 

io; 
11, 

11 
11 
11 
11 
11 

11 
11 
11 
11 
11 

11 
11 
11 
11 
11 

11 
11 
11 
11 

11 

11 
11 

11 

11 

11 

11 
11 
11 
11 
11 


891.  96 
898.  02 
908.  74 

917.  7 

918.  9 

928.  46 
930.  61 
900.  6 
963.  26 

965.  39 

966.  55 
981.  60 
985.  40 
998.  81 
000.24 

005.  1 

009.  62 

010.  62 
021.  82 
031.  77 

04^  5 
053.  25 
002.  7 
07O  34 
077.  94 

083.  63 
090.  93 
093.  15 
095.  06 
097.  84 

099.  78 
108.  63 
113.  99 
126.  77 

138.  56 

174.  80 
176.  17 

178.  86 

196.34 

207.  75 

212.  39 
263.  08 
272.  97 

274.  78 

275.  95 


Term  combination 


{ 


c*D,'-35C, 
c»D,'-24C 


6'Fr 


6»P,-&»D,' 


?;5Fs'-a*D4 
c»D«'-26C| 

&»P,-a»P,' 

c«D,'-39C:3 

c*F/-60d 

fc^Fj'-^F, 

&»F4'-a*D, 

c*F,'-a*D, 

c«F,'-0«D, 

b»G4'-a*G4 

c»D4'-30C, 

c*F,'-0*D, 
a»Pra«P,' 
c*F,-/?*D4 
b»F,-a»Ft' 
c»D1'-52C,f, 

c^Di'-MCt 
b»Pr-a,P»' 

6*Gr-a*G4' 
c»D,'-a»F, 

6»P,-5»O0' 
c*F/-fi*D, 
WPr-6»D,' 
c»D,'-46C 
c*F,'-/3*D, 
^-3304 
c*F,'-0»D, 

a*Yr-a1Vt' 

6»G,-a»G,' 
6*F4'-a*F4 
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Table  3. — Wave  lengths  in  the  infra-red  spectrum  of  iron — Continued 


X.ul.  A. 

Intensity 

rT>«  cm-» 

Term  combination 

8,  846.  82 
8,  838.  36 
8  824.  18 
8,  814.  5 
8,  812.  0 

5 
30 
200 

lp? 

11,  300.40 
11,  311.  21 

A  A,  0*»tr.  0<F 

11,  341.  8 
11,  345.  0 

dD.'-eic 

t*  1  J    U  1  ) 

8,  809.  1 
8,  808.  3 
8  804.  56 
8,  SOI.  98 
8,  796.  42 

2 

4b 

10 

lp? 

2 

11,348.  8 
11,  349.  8 
11  3  (14 

11,  357.  96 
11,  365.  14 

IA  A  J    U  A  1 

c*D,'-54C4 

8,  79a  38 
8,  790.  62 
ft,  754.  44 
8,  764.  02 
8,  757.  16 

120 
lOh 

5 

100 
50 

11,  369.  07 
11,  372.  64 
11,  380.  64 
11,  407.  16 
11,  416.  09 

6»Fj'-ot*Fj 
t^Dj'-eOC, 

jt\  t  aS*T\ 
C*lJj  -A7*1J« 

6JF,'-o»F, 
fo»P,-a»P,' 

8,  747.  32 
8,  729.  1 
8,  713.  19 
8,  710.  29 

2 

2 
10 
20h 

11,  428.  94 
11,  452.  8 
11,  47a  70 
11,  477.  53 

fc»GA-a»G«' 
c*D«-45C4 

3.  COBALT 

About  1,200  lines  of  the  cobalt  arc  have  been  classified  by  Catalan 
and  Bechert,11  but  only  10  of  t  hese  have  wave  lengths  exceeding  8,648  A. 
Our  results  for  cobalt  are  shown  in  Table  4,  the  construction  of 
which  is  identical  with  that  of  the  preceding  wave-length  tables.  The 
line  classifications  have  all  been  derived  from  Catalan's  term  tables 
without  any  effort  to  extend  these.  A  considerable  number  of  lines, 
including  some  very  strong  ones,  remain  unclassified,  indicating  that 
the  term  analysis  lor  cobalt  is  less  complete  than  for  iron.  The  arc 
spectrum  of  cobalt  has  also  been  explored  radiometrically  in  the 
infra-red  by  Randall  and  Barker.12  In  the  interval  9,000  to  11,000  A 
the  wave  lengths  and  relative  intensities  were  measured  for  10  lines, 
all  but  two  of  which  are  identifiable  with  the  strongest  ones  in  our  list. 
Here  again  the  superior  advantages  of  photographic  over  bolometric 
methods  of  studying  complex  spectra  are  strikingly  exemplified. 


u  M.  A.  Catalan  and  K.  Bechert.  Zelt.  t.  Phys.,  vol.  32.  p.  336. 1W5.  M.  A.  CatalAn,  Zelt.  f.  Pby«.,  vol.  47. 
p.  8».  1U27. 

«  H.  M.  Randall  and  E.  F.  Barker,  Astrophya.  J.,  vol.  49,  p.  54,  lt)lS>. 
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X.i,I.  A. 


Intensity 


11,091.  94 
10,  805.  97 
10,  681.  80 
10,  660.  15 
10,  584.  99 

10,  521.  36 
10,  471.  96 
10,  447.  40 
10,  442.  10 
10,  398  37 

10,  382.  22 
10,  374  65 
10,  369.  12 
10,  367.  95 
10,  364  43 

10,  354  45 
10,  348  00 
10,  335.  40 
10,  332.  85 
10,  327.  32 

10,  276  80 
10,  265.  4 
10,  244.  64 
10.  239.  1 
10,  222.  12 

10,  195.  3 
10,  172.  83 
10,  167.  58 
10,  154.  90 
10,  152.  93 

10,  131.  38 
10,  128  05 
10,  111.  1 
10,  105.  40 
10,  092.  0 

10,  078  62 
10,  052.  96 
10,  048.  80 
10,  046  31 
10,  031.  44 

10,  021.  48 
10,  019.  05 
10,  007.  78 
9,  999.  7 
9,  952.  2 

9,  940.  69 
9,  918.  1 
9,  912.  73 
9,  909.  52 
9,  890.  92 


2 
1 
4 
5 
2 

2 
10 

3 
15 

4 

30 
1 
2 
2 
1 

60 
1 
4 

3 
2 

5h 
lh 
1 

lh 
1 

1 

20h 
200 
2 
4 

2 

150 
lh 

2 

2h 

100 

8 

3 
150 

5 

4h 
30h 
3 

2h 
3h 

2 

1 
10 

lh 
30 


9,  013.  09 
9,  251.  61 
9,  359.  15 
9,  378  16 
9,  444  75 

9,  501.  87 
9,  546.  69 
9,  569.  14 
9,  574  00 
9,  614  26 

9,  629.  26 
9,  636.  24 
9,  641.  38 
9,  642.  47 
9,  645.  74 

9,  655.  04 
9,  661.  1 
9,  672.  84 
9,  675.  41 
9,  680.  40 

9,  727.  99 
9,  738  8 
9,  758  52 
9,  763.  8 
9,  780.  03 

9,  805.  75 
9,  827.  41 
9,  832.  49 
9,  844  77 
9,  846.  68 

9,  867.  63 
9,  870.  87 
9,  887.  4 
9,  892.  99 
9,  906  1 

9,  919.  34 
9,  944.  60 
9,  948  71 
9,  951.  18 
9,  965.  93 

9,  975.  83 
9,  978  25 
9,  989.  49 
9,  997.  6 
10,  045.  3 

10,  056.  91 
10,  079.  8 
10,  085.  27 
10,  088  54 
10,  107.  51 


Term  combination 


6»D,'-a<F< 


5»F,'-a*F, 
&H«Ft] 

CG,'-[H,1 

bTVa'F,' 


c*F,' 
c*Gt' 


CF/-ID,) 


c*G,'- 


F,] 


H.1 


6»F/-a<F4 
c^Fj'-l^.D,] 


(m'F.'HF,) 


a*D,-«Di' 


^Dj'-c^F, 


feW-c^F, 


CG/-IF,] 


c«F,M«F,] 
c*F5'-(H,] 
PDj-a'F/ 
&*P,-»D,' 


c«F5'-[«G,/F3 
PF.'-a'F, 


(o'P2')-[F,,D,l 
6«P,-«D4' 

6»Dr-&4D,' 
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Table  4—  Wave  lengths  in  the  infra-red  spectrum  of  cobali— Continued 


X.i,  I.  A. 

Intensity 

r«.<  Ctn-' 

9,  859.  90 
9,  852.  5 
9,  847.  7 
9,  823.  52 
9,  79a  37 

1 
1 

2 

4h 

2h 

10,  139.  31 
10,  146.  9 
10,  151.  9 
10,  176.  87 
10,  202.  99 

9,  785.  39 
9,  769.  0 
9,  764.  53 
9,  746.  02 
9,  738.  46 

40 
lh 
5h 
100 
2 

10,  216.  52 
10,  233.  7 
10,  238.  34 
10,  257.  79 
10,  265.  78 

9,  735.  53 
9,  729.  54 
9,  696.  60 
9,  694.  0 
9,  678.  21 

2 
3 
5 
2 

lOh 

10,  268.  84 
10,  275.  16 
10,  310.  06 
10,  312.  8 
10,  329.  66 

9,  670.  20 
9,  659.  94 
9,  638.  21 
9,  629.  83 
9,  626.  72 

2 
3 
1 

3h 
1 

10,  338.  21 
10,  349.  20 
10,  372.  53 
10,  381.  56 
10,  384.  91 

9,  618.  32 
9,  613.  46 
9,  606.  52 
9,  597.  90 
9,  592.  3 

2 
4 

5 

200 
2h 

10,  393.  98 
10,  399.  23 
10,  406.  75 
10,  416.  09 
10,  422.  2 

9,  585.  28 
9,  580.  63 
9,  569.  00 
9,  548.  66 
9,  544.  52 

tt 
3 

5h 
4 

300 

10,  429.  80 
10,  434.  87 
10,  447.  55 
10,  469.  80 
10,  474.  34 

9,  527.  17 
9,  517.  33 
9,  513.  42 
9,  500.  01 
9,  482.  75 

lOh 
1 
1 
1 
1 

10,  493.  42 
10,  504.  27 
10,  508.  59 
10,  523.  42 
10,  542.  57 

9,  470.  74 
9,  454.  23 
9,  442.  34 
9,  435.  70 
9,  428.  8 

2 

3h 
4h 
3 
1 

10,  555.  94 
10,  574.  38 
10,  587.  69 
10,  595.  14 
10,  602.  9 

9,  425.  8 
9,  422.  60 
9  406  12 
9,  395.  11 
9,  356.  98 

1 

3h 
4h 
2 

200 

10,  606.  3 
10,  609.  88 
10  628  46 
10,  640.  92 
10,  684.  28 

9,  351.  06 
9,  347.  88 
9,  344.  93 
9,  340.  54 
9,  319.  53 

3 

2h 
20 
3h 
2 

10,  691.  04 
10,  694.  68 
10,  698.  06 
10,  703.  08 
10,  727.  21 

Term  combination 


c*F«'- 
e«F«'- 


[F,] 
F4,D5] 
F4)D,] 


5»Di-oJD,' 


6»F,'-a*F, 
b»F/-a*F« 


CG,'-[«F»] 
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Table  A.— Ware  length*  in  the  infra-red  spectrum  of  enbalt— Continued 


X»„  I.  A. 

Intensity 

i-..,  mi-' 

Trrm  combination 

9,  280.  42 

5 

10, 

772.  42 

65F4'-a«Fj 

9,  269.  90 

1 

10 

784.  64 

Q  *>62  5 

2 

10 

793.  3 

9,  258.  18 

4 

10 

L  VI  j 

798.  30 

c«F4;-{F4) 

9,  245.  60 

1 

10 

812  99 

5JDj-a2C4' 

9,  233.  64 

1 

10, 

827.  00 

a*Pr-a<F»' 

9,  217.  80 

2h 

10 

845  60 

c_»  » •  VI** 

0  on?  Ofi 

»7 I              1  •    4 'VI 

1 

10, 

857.  19 

9,  204  11 

5 

10 

I  VI, 

861  73 

fe'Dj-a'F,' 

9,  197.  29 

1 

10 

869  79 

<5\7  €7.     |  17 

c*F,MF«D,l 

9,  185.  95 

2 

10, 

883.  21 

9,  181.  75 

5 

10 

1 V, 

888.  18 

20 

10 

892.  72 

9,  165.  52 

2 

10 

907  47 

9,  150.  65 

2h 

10 

1 VI. 

925  19 

1 

9,  13a  24 

6 

10, 

946.  02 

f4F4'-[4F»l 

9,  130.  50 

2 

10 

949.  30 

9  111  64 

«7«    111*    w  » 

1 

10 

t'lli   .7  VI 

9,  095.  37 

50 

10 

1  u, 

90 1  58 

9.  071.  35 

4h 

1 1 

it) 

020  69 

VI  *»  V.   V*  17 

9,  057.  29 

2h 

11, 

037.  80 

0  052.  44 

0 

1 1 

043.  72 

b*D2-b*¥t' 

1 

1 1 

11, 

058  0 

9,  037.  87 

50 

1 1 

061  52 

8,  997.  3 

1 

1 1 

1  i| 

111  1 

111*  I 

8,  986.  51 

3 

li. 

124.  74 

8,  972.  89 

7 

1 1 

141  fi2 

6<F,'-a4F4 

8  058  37 

15 

11 

A  *.) 

159  68 

8,  953.  72 

2 

11 

1  1  j 

165.  48 

8,  939.  14 

5 

1  1 

11. 

183  fiO 

8.  926.  21 

50 

11. 

199.  89 

8,  904.  63 

30 

1  1 

•>27  03 

dDj'-fF,] 

8  892.  19 

] 

1 1 

11* 

•V  2  ^  •  *->VI 

8i  SS8i  70 

8h 

1  1 

247  15 

8.  S86.  28 

2 

1 1 

S,  878.  28 

3 

11, 

260.  35 

8.  872.  59 

1 

1  1 

^D,'-(F4D,] 

8  870  70 

8 

1  1 

1  I) 

269.  98 

8,  856.  56 

3 

1  1 
1  If 

987  07 

8,  850.  70 

30 

11. 

295.  44 

6»F«'-a»F, 

8,  837.  90 

4h 

11, 

311.  80 

8,  835.  21 

20 

11, 

315.  25 

6«F4'-a«F» 

0  cto  in 
0.  7S1V.  1U 

1  no 

U, 

335.  92 

8,  779.  20 

3 

11. 

387.  44 

c*D.'-[«D4,«P,l 

8,  774.  71 

2 

11. 

393.  26 

8,  772.  04 

2 

11, 

396.  73 

c*D4'-l«D4] 

8,  766.  55 

4h 

11, 

403.  87 

8,  759.  58 

3 

11. 

412.  94 

c'F/-(F,D,J 

8,  750.  13 

60 

11. 

425.  27 
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Table  4.— Wave  lengths  in  the  infra-red  epectrum  of  cobalt— Continued 


X.i,  I.  A. 

Intensity 

r*..  cm-' 

Term  combination 

8  745  56 
8,  744.  37 
8,  733.  27 
8,  728.  5 

ft 

10 
40 

2 

11  431  24 

A  A  |  lull    A*  * 

11,  432.  79 
11,447.32 
11,453.6 

8,  722.  12 
8,  b  /  8.  65 
8,  675.  02 
8,  673.  02 

2 
3 
20 
2 

11,461.  96 

•  i     via  OT 

11,  519.  37 
11,524  19 
11,  526.85 

8,  661.  06 
8,  658.  14 
8,  655.  73 
8,  648.  79 

80 
3 

3h 
4 

11,  542.  76 
11,546.  66 
11,549.  85 
11,559.  14 

PDr-^D,' 
5»D,-6«F4' 

4.  NICKEL 


All  of  the  known  and  classified  lines  (1,071)  of  Ni  i  were  published 
by  Russell  in  1929,"  but  only  a  dozen  lines  had  been  observed  photo- 
graphically beyond  8,700  A.  The  new  results  obtained  with  xeno- 
cyanine  plates  appear  in  Table  5,  in  which  the  combinations  have  all 
been  derived  from  Russell's  term  tables.  The  infra-red,  as  well  as 
other  portions  of  the  Ni  i  spectrum,  appears  to  be  less  complex  than 
Co  i,  and  relatively  simple  compared  with  Fe  i.  Almost  all  of  the 
new  lines  have  been  accounted  for,  and  the  analysis  of  the  Ni  i  spec- 
trum may  be  regarded  as  very  nearly  completed. 

The  infra-red  arc  spectrum  of  nickel  was  investigated  radiometri- 
cally  by  Randall  and  Barker,13  and  in  the  range  9,520  to  10,980  A 
six  fines  coincide,  within  the  errors  of  measurement,  with  the  strongest 
we  have  recorded  photographically.  Comparison  of  our  intensity 
estimates  with  their  galvanometer  deflections  indicates  that  the  photo- 
graphic sensitivity  of  xenocyanine  plates  for  wave  length  11,000  A  is 
approximately  5  per  cent  that  for  wave  lengths  below  10,300  A. 

««  H.  N.  Russell.  ,Phys.  Rev.,  vol.  34.  p.  821.  IW9. 

»  H.  M.  Ran  doll  and  E.  F.  Barker.  Astrophys.  /.,  vol.  49,  p.  55. 1919. 
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Table  5. — Wave  length*  in  the  infra-red  spectrum  of  nickel 


Xslr  I.  A. 

Intensity 

»*m  cm-' 

Term  combination 

10,  979.  87 
10,  891.  25 
10,  762.  24 
10,  530.  53 
10,  378.  62 

5 
2 
2 
20 
100 

9,  105.  09 
9,  179.  17 
9,  289.  20 
9,  49a  60 
9,  632.  56 

y»Fj-e»D, 
y»Di-e»D, 

y»Fj-e»D, 

10,  33a  23 
10,  321.  10 
10,  302.  61 
10,  295.  05 
10,  226.  15 

50 
5 

50 
5 
4 

9,  677.  68 
9,  68ft  23 
9,  703.  62 
9,  710.  75 
9,  77a  18 

y»Fj-e»D, 
t^Fs-^Fj 
y»Dt-e»D, 

10,  ioa  25 
10,  145.  37 
10,  061.  29 
10,  04a  60 
9,  &9S.  90 

100 
20 
10 
10 
40 

9,  807.  73 
9,  854.  01 
9,  93a  36 
9,  94a  91 
10,  099.  36 

«»Pt-€»D, 

y'Di-e'D, 

9,  842.  04 
9,  710.  1 
9,  689.  35 
9,  620.  06 
9,  447.  29 

2 
1J 

r3 

100 
5 

10,  157.  71 
10,  295.  74 
10,  317.  78 
10,  501.  26 
10,  582.  15 

y»Fl-«*D, 
^Fj-^F, 

9,  396.  57 
9,  385.  62 
9,  25a  47 
9, 196.  18 
9, 106.40 

20 
10 
5 
2 
30 

10,  639.  26 
10,  651.  68 
10,  797.  96 
10,  871.  10 
10,  97a  28 

y'Ffr-e'D, 

a^-yFj 
u»F«-0»F« 

9,086.25 
9,  07a  70 
9,  05a  56 
9,  005.  14 
8,  982.  35 

3 
10 
6 
5 
2 

n,ooa84 

11,  011.  77 

u,  03a  25 

11,  101.  72 
11,  129.  89 

w»F|-/»F, 

t^Dj-Z'F, 
«>PI-*»D, 

8,  96a  20 
a  965.  94 
8,  954.  65 
8,  877.  07 
8,  862.  59 

30 
50 
2 
10 
100 

11,  147.45 
11,  15a  26 
11,  164.  32 
11,  261.  89 
11,  280.29 

y»GH0»F« 
y»Fj-e>D2 
z«D}-«*D, 

^aj-z-F, 

^Pl-^D, 

8,  824.  2 
8,  809.  47 
8,  770.  68 
8,  716.  58 
8,  706.  05 

1 
30 
10 
3 
1 

11,  329.  4 
11,34a  30 
11,39a  50 
11,  469.  24 
11,  48a  12 

z»Df-«»D, 
a>G«-y*Dl 
w»Df-ff»F« 

8,  702.  49 
8,  68a  64 
8  680  2 

S/f  WVt  mm 

a  661.  85 
8,637.04 

6 
3 
1 

2 
15 

11,487.  81 
11,  50a  12 
11  517  3 
11,541.  71 
11,574.86 

a'C-i'Gi 
*«FH>»D» 

8,606.  45 
8,  59a  84 
8,  58ft  2 
8,  580.  04 

10 
2 
1 
2 

ii,  eiaoo 

11,  626.  29 
11,  643.  40 
11,  651.  76 

^Dt-^F, 
«»GJ-«»D, 
^Dl-^F, 
y'GHi'F, 
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5.  ZIRCONIUM 

About  a  year  ago  Kiess  and  Kiess 14  published  an  analysis  of 
Zr  i  based  on  a  list  of  approximately  1,600  wave  lengths  measured  at 
the  Bureau  of  Standards.  To  this  fist,  which  terminated  at  9,276  A, 
we  are  now  able  to  add  the  lines  given  in  Table  6.  All  of  the  strong 
lines  and  many  of  the  fainter  ones  are  accounted  for  as  combinations 
between  the  terms  given  in  the  paper  cited  above.  No  new  terms 
have  been  revealed  by  these  supplementary  observations,  although 
several  metastable  terms  arising  from  the  configuration  Ad*  are  still 
to  be  found. 

A  conspicuous  feature  of  the  infra-red  Zr  spectrum  is  a  group  of 
bands,  shaded  toward  longer  wave  lengths,  lying  between  9,300  and 
9,500  A.  No  regularities  nave  been  detected  among  these  bands  that 
will  relate  them  to  the  systems  recently  described  by  Miss  Lowater.16 
The  wave  lengths,  estimated  intensities,  and  wave  numbers  of  the 
heads  of  these  bands  are  given  in  Table  7. 


Table  6.—  Wave  lengths  in  the  infra-red  spectrum  of  zirconium 


X.i,  I.  A. 

Intensity 

Vrme  Ctl)~l 

Tenn  combination 

10,  738.  94 
10,  696.  67 
10,  654  1 1 
10,  551.  46 
10,  515.  86 

1 
1 
1 
1 
1 

9,  309.  36 
9,  346.  14 
9,  383.  48 
9,  474.  77 
9,  506.  84 

6»F«-^Gi 

10,  433.  73 
10,  328.  41 
10,  242.  85 
10,  210.  44 
10,  199.  42 

1 

1 

2 
10 
4 

9,  581.  67 
9,  079.  38 
9,  760.  24 
9,  791.  21 
9,  801.  80 

asGs-«»G$ 
cVlV^G? 

10,  105.  30 
10,  084.  70 
10,  045.  15 
10,  028.  68 
10,  016.  97 

1 

12 
3 
2 
2 

9,  893.  08 
9,  913.  30 
9,  952.  33 
9,  968.  67 
9,  980.  33 

6»Fr-2»Gj 
aJF,-*»G} 
^Fr-z'Gl 

9,  990.  44 
9,  958.  58 
9,  928.  53 
9,  909.  76 
9,  822.  30 

1 

2 
1 

3 
20 

10,  006.  83 
10,  038.  84 
10,  069.  22 
10,  088.  30 
10,  178.  12 

tfFs-^Gj 

9,  820.  42 
9,  812.  85 
9,  792.  74 
9,  780.  40 
9,  773.  30 

3 
10 

6 
18 

0 

10,  180.  07 
10,  187.  93 
10,  208.  85 
10,  221.  73 
10,  229.  15 

^Fi-^Gj 
tVFj-z'Gi 
WFx-r'Gs 
6»F«-2»Gs 

9,  666.  82 
9,  547.  26 
9,  493.  47 
9,  483.  35 
9,  441.  26 

1 

25 
1 
3 
1 

10,  341.  83 
10,  471.  34 
10,  530.  67 
10,  541.  91 
10,  588.  90 

a»F,-*»Gi 

"  B.  8.  Jour.  Rosearcb  (RP200),  vol.  6.  p.  621.  1031. 
»» Proc.  Phyi.  Hoc.  (London),  vol.  44,  p.  Si,  1W2. 
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Table  6.  —  Wave  lengths  in  the  infra-red  spectrum  of  zirconium— Continued 


X»u  I.  A. 

Intemtty 

r,.,  can-" 

Term  combination 

9,  438.  35 

Vf  *i  iu.  CO 

9,  405.  00 
9,  358.  32 
9,  352.  43 

1 
1 

2 
2 
1 

10,  592.  17 

IU,  Oli}.  DO 

10,  629.  73 
10,  682.  74 
10,  689.  48 

9,  318.  19 
U  290  30 

Vf  fc>  DVJ.  \J\J 

9,  276.  89 
9,  251.  17 

4 
n 

25 
5 

10,  728.  76 
10  760  96 

10,  776.  52 
10,  806.  48 

asF«-?5Gj 

9,  242.  65 
Q  lift  ***4 

If,  £t£tu»  Ou 

9,  182.  30 
9,  171.  50 

5 

o 

0 
3 

10,  816.  44 

10  832  OR 
10,  887.  53 
10,  900.  35 

a'G^Dj 

9,  140.  40 
9,  139.  36 
9,  134.  23 

9,  099.  90 

0 
10 
1 

2 

10,  937.  44 
10,  938.  69 
10,  944.  83 

10,  986.  12 

rfH^j/Gj 

f^Fr^Fi 
X^Gj-j/DJ 

9,  069.  41 
9,  015.  16 
9,  Oil.  34 
8,  975.  78 

15 
20 
2 
0 

11,  023.  05 
11,  089.  39 
11,  004.  09 
11,  138.  05 

a»Hs-j/*Gl 
«sF4-^Gj 
a'C-^Fl 
^IV^Fj 

Table  7. — Infra-red  zirconium  bands 


X.„  I.  A. 

Intercity 

cm-1 

X.„  I.  A. 

Intensity 

»>tc  cm-' 

9.  m.  :a 

2 

)o,.Mi.ra 

9,397.21 

2 

10.  638. 54 

9.  176.  65 

1 

10,549.38 

9,  387. 16 

2 

10.649.82 

9.453.56 

10,  575. 14 

9.370. 74 

3 

10,  668. 59 

9.413.93 

10.5K5.91 

9,360.34 

3 

10.  680. 45 

9,438.24 

i 

10,  592.29 

9.358.33 

1 

10, 682. 74 

9.431.75 

2 

10.  599. 5ft 

9,  356. 12 

3 

la  685.26 

9,412.03 

2 

10,621.79 

9.343. 19 

4 

10.700.05 

9.408.92 

1 

10.025.30 

9.  329. 93 

5 

10,715.26 

9, 402.84 

2 

10.632.  )7 

9,315.87 

5 

10.  731.43 

9.401.09 

2 

10. 634. 15 

9,  299. 56 

5 

ia750.26 

IV.  CONCLUSION 

The  data  presented  in  the  tables  of  this  paper  furnish  ample  proof 
of  the  effectiveness  of  xenocyanine  in  bringing  into  the  domain  of 
precise  measurement  a  region  of  the  spectrum  heretofore  accessible 
only  with  radiometric  dovicos.  Their  application  to  the  investigation 
of  the  structure  of  near-infra-red  band  spectra,  a  problem  in  which 
great  efforts  are  being  made  to  secure  the  advantages  of  increased 
resolving  power,  is  obvious.  In  astrophysics  the  identification  of 
unknown  ones  in  the  spectra  of  the  sun  and  stars  is  advanced  by  each 
extension  of  our  knowledge  of  the  emission  spectra  of  the  elements. 
Reference  to  the  Revision  of  Rowland's  Preliminary  Table  of  Solar 
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Spectrum  Wave-Lengths  w  will  show  that  several  of  the  unidentified 
infra-red  solar  lines  are  due  to  the  five  elements  whose  spectra  are 
described  above.  Both  Ti  and  Fe  are  rich  in  strong  lines  in  the 
region  from  9,000  to  nearly  11,000  A  and  mav  be  used  to  supply 
comparison  spectra  for  observations  made  with  dispersing  systems 
other  than  concave  gratings.  However,  the  values  of  the  Fe  wave 
lengths  to  be  used  as  standards  of  reference  may  be  calculated  from 
the  terras  determined  by  interference  methods  more  accurately  than 
the  observed  values  given  in  Table  3. 

As  stated  above,  we  have  completed  a  survey  of  the  infra-red  spectra 
of  about  50  elements.  We  shall  present  the  new  wave  lengths  in 
subsequent  papers  in  this  Journal  as  soon  as  the  data  have  been  com- 
piled for  publication. 

Washington,  June  21,  1932. 

Carnegie  Inetitution  of  Waehlngton,  Publ.  No.  396.  1028. 
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TENSILE  PROPERTIES  OF  CAST  NICKE1XHROMIUM- 
IRON  ALLOYS  AND  OF  SOME  ALLOY  STEELS  AT  ELE- 
VATED TEMPERATURES 

By  William  Kahlbaum1  and  Louis  Jordan 


ABSTRACT 

The  tensile  properties  as  measured  in  "short-time"  tests  were  determined  for  a 
medium-manganese  steel  at  900°  F.;  for  a  series  of  cast  nickel-chromium-iron 
alloys  containing  about  0.5  per  cent  carbon,  35  per  cent  chromium  and  from 
10  to  45  per  cent  nickel,  at  a  temperature  of  1,550°  F.;  and  for  three  tungsten- 
chromium- vanadium  steels  and  four  molybdenum-chromium-vanadium  steels  at 
temperatures  of  850°  and  1,000°  F. 
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I.  INTRODUCTION 

The  most  recently  published  report  by  the  Bureau  of  Standards 
on  the  so-called  short-time  tensile  properties  (that  is,  the  strength 
under  relatively  rapid  loading)  of  steels  at  elevated  temperatures  2 
gave  data  on  several  groups  of  low-alloy  steels.  Among  these  were 
tungsten-chromium-vanadium  steels  with  and  without  the  addition 
of  silicon  or  aluminum.  Tests  were  also  reported  on  wrought  chro- 
mium-nickel-iron  alloys  containing  approximately  10  per  cent 
chromium  and  from  25  to  60  per  cent  nickel.  The  present  report 
deals  with  the  tensile  properties,  as  determined  by  short-time  tests, 
of  some  additional  similar  steels  and  alloys. 

II.  MATERIALS 

The  materials  tested  consisted  of  (1)  a  steel  in  some  respects  similar 
to  the  0.45  per  cent  carbon  "boiler  drum"  steel  included  in  the  pre- 
ceding paper,3  but  containing  in  the  present  case  1 .08  per  cent  manga- 
nese; (2)  a  series  of  five  cast  nickel-chromium-iron  alloys,  all  containing 
about  35  per  cent  chromium  and  from  10  to  45  per  cent  of  nickel;  (3)  a 
series  of  three  tungsten-chromium-vanadium  steels  and  (4)  a  series  of 
four  molybdenum-chromium- vanadium  steels.  The  chemical  com- 
positions of  these  materials  are  given  in  Table  1. 

1  Research  associate,  Tbe  Mid  vale  Co.,  Philadelphia,  Pa. 

»  William  Kahlbaum,  R.  L.  Dowdell,  and  W.  A.  Tucker,  The  Tensile  Properties  of  Alloy  Steels  at 
Elevated  Temperatures  as  Determined  by  the  "Short-time"  Method,  B.  S.  Jour.  Research,  vol.  6  (RP  270), 
p.  199,  1930. 

*  See  footnote,  X 
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TABLE  1. — Chemical  composition 


[Vol.  9 


Tyi*  of  alloy 


Carbon   steel    (medium  8:1819 


Desiznution 


Nickel  •  chromium  -  iron 
(cast). 


Tungsten  -  chromium-va- 
nadium ! 


Molylxlenum  -  chromium 
vanadium  steels. 


EE1522... 
BE1S23... 

EE1S24... 
F.K1525... 
EE1528... 


ff  I F-1/13U. 
ilF-1/167. 
lUK-l/l«8. 

fllF-1  16fi. 

IiF-1/105. 

B  F- 1/177. 
(HF-1/178. 


Per 

cent 

0.40 

.57 
.59 
.54 
.-17 
.36 

.29 
.■26 
.32 

.  in 
.29 
.31 
.21 


Mm 


Per 
cent 

1.08 

.59 
.05 

.  r,:j 
.71 
.53 

.51 
.8fi 
1.02 

.45 

.88 
1.38 
2.23 


Per 
cent 


Per 
cent 

0  N.U 


81 

<  r 

/Vr 

Per 

cent 

0.  23 

1.04 

36.  2 

1.07 

1     1  *l 

.IV  J 

J.  10 

1.08 

•>o.  v 

34.5 

1. 15 

33.5 

.58 

2.28 

.09 

.17 

1.03 

.55 

1.55 

.  18 

1.47 

.40 

2  '-\ 

i  ;s:i 

I  23 

SI 


Per 
ctnt 


!<t,  2 
21.0 
30. 1 
38.4 
45.2 


cent 


0. 30  I  1.  70 
.33  2.20 
.20    2.  17 

•»   • 


Mo 


Per 
crn/ 


o. 

!.(»» 


III.  METHOD  OF  TESTING 

The  equipment  and  the  method  used  for  the  short-time  tension 
tests  have  been  described  and  illustrated  previously.4, 8  All  of  the 
tests  were  made  with  a  hydraulic  testing  machine,  and  measurements 
of  strain  were  made  with  a  Tuckcrman  optical  strain  gage.6 

As  in  one  previous  work,  a  thermocouple  mounted  in  the  fillet  of  the 
0. 505-inch  diameter  test  bar  was  used  for  measuring  the  temperature 
of  the  specimen.  The  temperature  gradient  from  the  center  to  either 
end  of  the  gage  length  of  the  test  bar  was  approximately  13°  F.  (7°  C). 

Proportional  limits  were  determined  by  plotting  the  differences 
between  observed  and  calculated  strain  and  taking  astrain  of  1  X  10  ~s 
as  indicating  departure  from  a  straight  line.7 

IV.  RESULTS  AND  DISCUSSION 
I.  MEDIUM-MANGANESE  STEEL 

The  data  from  tests  of  the  0.4  per  cent  carbon  medium  manganese 
(1.08  per  cent)  steel  at  room  temperature  and  at  900°  F.  are  given  in 
Table  2.  The  point  of  chief  interest  in  these  results  lies  in  the  com- 
parison they  afford  with  similar  tests  made  in  previous  work  8  on  a  0.4 
por  cent  carbon  steel  (boiler-drum  steel)  containing  only  a  normal 
proportion  of  manganese,  namely,  0.55  per  cent.  These  previous  tests 
of  the  lower  manganese  steel  showed  that  it  maintained  a  proportional 
limit  of  approximately  15,000  lbs./in.2  from  600°  to  750°  F.,  but  that 
its  proportional  limit  decreased  noticeably,  to  11,000  or  12,000  lbs./ 
in.2,  at  a  temperature  of  800°  F.  The  higher  manganese  steel  had  a 
proportional  limit  of  15,000  to  16,000  lbs./in.*  at  900°  F.,  fully  150°  F. 
higher  than  the  temperature  at  which  the  lower-manganese  steel  had 
an  equivalent  proportional  limit.  The  higher  manganese  steel  did 
not  ,  however,  show  a  corresponding  superiority  in  tensile  strength  over 
the  lower  manganese  steel  at  the  elevated  temperature. 

>  n.  J.  French,  Methods  of  Test  In  Relation  to  Flow  in  Steels  at  Various  Temperatures,  Proc.  Am.  Soc 
Test.  Material;.,  vol.  20,  Pt.  II,  p.  7,  iy2j;  ilw  Eng.  News  ltecord,  vol.  97,  p.  22. 

»  H.  J.  French,  U.  C.  Cross,  and  A.  A.  1'cterson,  Creep  in  Five  Steels  at  Different  Teraiwratures,  B.  S. 
Tech.  Papers,  No.  362,  1928. 

•  L.  B.  Tuckennan,  Optical  Strain  Oages  and  Extensomeusrs,  Proc.  Am.  Soc.  Test.  Materials,  vol.  23,  Pt. 

II;  L  B2  Tu-berman.  Discussion  of  paper  by  R.  L.  Templia,  Proc.  Am.  Soc.  Test.  Materials,  vol.  29,  Pt. 
"  p.  837. 
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Table  2. —  Tensile  properties  of  a  medium  manganese  steel  at  elevated  temperatures 

as  determined  by  short-time  tests 


Designation  t 

Tero- 

;>era- 
ture  of 
test 

Propor- 
tional 
limit 

Tensll* 
strength 

Modulus 
of  elastic- 
ity 

Elonga- 
tion in  2 

indies 

Reduc- 
tion of 
area 

Heat  treatment  prior  to  testing 

«/191?  

•F. 

)  000 
(  000 

Lht./in* 
>  32. 000 
10.000 
15.000 

Lbt.lln.* 
80.000 
59,500 
61.000 

Lbe./in.' 
21.7 

aa  7 

Per  cent 

27.5 
25.5 
25.0 

Percent 
53.  B 
01.3 
fiO.6 

11,600  8  F.,12  hours.  air  cooled; 
\  1,200°  F.,  10  hours,  cooled 
I  slowly. 

i  Sco  Tuble  1  for  chemical  composition. 

'  Determined  by  the  MidvaleCo.   A  strain  of  5X10  -> taken  as  indicating  departure  from  a  straight  line. 


2.  NICKEL-CHROMIUM-IRON  ALLOYS 

The  results  of  short-time  tensile  tests  at  1,550°  F.  of  east  nickel- 
chromium-iron  alloys  are  given  in  Table  3.  These  alloys  contained 
from  0.4  to  0.6  per  cent  carbon  and  about  1  per  cent  silicon  and  35 
per  cent  chromium.  The  nickel  content  of  EE1522  was  approxi- 
mately 10  per  cent  and  this  increased  to  about  45  per  cent  in  the  last 
alloy  of  the  series,  EE1526. 

This  series  showed  no  significant  differences  in  the  proportional 
limits  of  the  various  alloys  at  1,550°  F.  There  was,  however,  a  pro- 
gressive increase  in  the  ductility  of  the  alloy  as  the  nickel  content 
increased  from  10  to  45  per  cent,  and  above  30  per  cent  nickel  there 
was  a  noticeable  decrease  in  tensile  strength. 

It  is  in  this  case  also  of  interest  to  recall  the  results  of  short-time 
tensile  tests  given  in  a  previous  report 9  for  nickel-chromium-iron 
alloys  containing  10  per  cent  chromium  and  cither  35  or  57  per  cent 
nickel.  Only  a  very  general  correlation  is  possible  as  the  earlier  tests 
were  made  with  maximum  testing  temperatures  of  only  1,360°  F.  as 
compared  with  1,550°  F.  for  the  more  recent  tests;  the  alloys  tested 
in  the  earlier  work  were  rolled  material  and  in  the  later  work  were 
"as  cast";  and  also  the  high-nickel  alloy  of  the  earlier  work  contained 
over  3  per  cent  tungsten. 


Table  3. —  Tensile  properties  of  cast  nickel-chromium-iron  alloys  at  1,550°  F.  as 

determined  by  short-time  tests 


Designation  » 

Propor- 
tional 
limit 

• 

Tensile 
sirens  th 

Modulus 
of  elas- 
ticity 

Elonga- 
tion in  2 
inches 

Reduc- 
tion of 
area 

Lbs.  fin .» 

Lbs.'inJ 

Lbt  Jin* 

x:o* 

Per  cent 

Per  cent 

EE1522..  . 

j  r.ooo 
I  5,000 

49,000 
41,500 

11.0 
0.4 

2.5 
2.5 

3.4 
5. 1 

EE1523. 

 -  

5.000 

40.000 
54.500 

14.4 

3.0 
4.0 

4.2 
6.0 

EE  1524 

f  0,000 
1  7.OO0 

40,000 
55,000 

13.2 
13.1 

4.0 

5.0 

7.3 
0.5 

|  fi.000 

41.000 

14.4 

8.5 

13.3 

I  0,000 

41,000 

12.7 

8.5 

16.2 

EE  1520 

|  0,000 

33.500 

33.000 

11.0 

15.5 
14.0 

34.0 

23,  7 

»  See  Table  1  for  chemical  compositions. 


»  See  footnote  ?,  p.  327. 
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Nevertheless,  it  is  to  be  noted  that  the  tensile  strengths  of  the  cast 
alloys  of  the  present  series,  containing  35  per  cent  chromium  and 
either  10,  20,  or  30  per  cent  nickel,  were  of  the  order  of  50,000  lbs./in.2 
and  the  proportional  limits  of  the  order  of  5,000  to  7,000  lbs./in.2  at  1,550° 
F.  as  compared  with  tensile  strengths  of  only  35,000  to  40,000  lbs./in.2 
and  proportional  limits  of  5,000  to  6,000  lbs./in.2  at  1,360°  F.  for  rolled 
alloys  containing  35  per  cent  nickel  and  10  per  cent  chromium. 

Increased  proportional  limits  and  tensile  strengths  in  alloys  of  this 
type  at  temperatures  of  1,300°  to  1,500°  F.  appear  to  result  from  an 
increased  chromium  content  rather  than  an  increased  nickel  content. 
With  this  increase  in  strength,  there  is  also  noticeably  less  ductility  as 
measured  by  elongation  and  reduction  of  area. 


3.  TUNGSTEN-CHROMIUM- VANADIUM  STEEL 

The  chief  differences  in  the  chemical  compositions  of  the  three 
tungsten-chromium-vanadium  steels  (Table  1)  were  that  the  first  of 
the  series  (HF-1/169)  had  a  tungsten  content  of  only  1.70  per  cent, 
which  was  somewhat  below  the  normal  composition  of  the  series;  the 
second  of  the  series  (HF-1/167)  may  be  considered  of  the  normal 
composition,  namely,  about  2%  per  cent  each  of  chromium  and  tung- 
sten; the  last  steel  of  the  group  was  low  in  chromium  (1.63  per  cent) 
but  also  had  a  manganese  content  (1.02  per  cent)  distinctly  higher 
than  the  normal  for  the  group. 

All  of  these  steels  were  tested  after  normalizing  from  1,700°  F., 
hardening,  and  tempering  at  1,200°  F.  The  hardening  treatment 
consisted  of  air  quenching  from  a  temperature  50°  F.  above  the  upper 
critical  temperature  of  the  individual  steel.  The  exact  temperatures 
are  shown  in  Table  4. 

The  results  of  the  short- time  high- temperature  tests  of  these  steels 
(Table  4)  did  not  show  any  very  striking  differences  in  the  behavior  of 
the  three  steels.  On  the  whole,  the  steel  containing  1  per  cent 
manganese  (HF-1/168),  with  the  lower  chromium  and  the  normal 
tungsten  content,  appeared  to  be  superior  with  respect  to  the  mainte- 
nance of  a  high  proportional  limit  at  elevated  temperatures. 

Table  4. — Tensile  properties  of  tungsten-chromium-vanadium  steels  at  elevated 
temperatures  as  determined  by  short-time  tests 


-T 


Designation « 


Tom- 
pera- 
ture  of 
test 


Propor- 
tional 
limit 


Tensile 
strength 


Modu- 
lus of 
elastic- 
ity 


Klong.v 
tioa  in 
2  inches 


Reduc- 
tion of 
area 


Hardening  heat  treatment « 


HF-1/169 
HF-1/167 
HF-1/168. 


°F. 

*  K.VJ 
1,000 

70 
850 
1,000 

70 
850 
1.000 


>  92, 000 
32,000 
26,000 

«  107.000 
30.000 
16,000 

*  109.000 
43,000 
2-1,  000 


/a*./in.« 
123,000 
86,000 
71.500 

139,500 
08.500 
77,500 

136.500 
90,  .W 
M.  500 


Lbs  Jin. 
X10* 

25. 2\ 
22. 1 


23.6 
22.1 


24.3 
19.9 


Ferctnt 
20.2 
22.0 
23.5 

19.2 
21.5 
23.0 

18.2 
19.0 
22.5 


Per  cent 
62.  6 
64.7 
72. 9 

59.9 
«2.  3 
70.1 

55.7 
54.9 
65.6 


|l.515°  F.,  30 minutes,  air  cooled. 
jl,5l0°F.,: 


1 


1,480°  F.,  30  minutes,  air  cooled. 


■  See  Table  1  for  chemical  compositions. 

'  All  specimens  were  normalised  before  the  hardening  treatment  and  tempered  after  the  hardening 
treatment  indicated  in  the  last  column  of  this  table.  In  all  cases  the  normalising  treatment  consisted  of 
heotin?  nt  1,700°  F.  lor  30  minutes  and  cooling  in  air;  the  tempering  treatment,  oThcatlng  at  1,200°  F.  for 

"  DeUmined  by  The  Midvale  Co.  A  strain  of  5X10  S  taken  as  indicating  departure  from  ^straight  11ns! 
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4.  MOLYBDENUM-CHROMIUM- VANADIUM  STEELS 

The  molybdenmn -chromium-vanadium  steels  are  listed  in  both 
Table  1  and  Table  5  in  the  order  of  increasing  manganese  content. 
The  second  steel  of  the  series  differed  from  the  first  in  that  it  had 
slightly  higher  carbon  (0.29  per  cent)  and  manganese  (0.88  per  cent) 
contents  than  the  first  steel  of  the  series  (0.20  per  cent  carbon,  0.45 
per  cent  manganese).  This  difference  in  composition  apparently  ac- 
counted for  a  distinctly  higher  proportional  limit  and  tensile  strength 
in  the  steel  of  higher  carbon  and  manganese  contents  at  temperatures 
of  850°  and  1,000°  F.  Further  increase  in  the  proportion  of  man- 
ganese, and  also  of  chromium,  in  the  third  steel  of  the  series  (HF- 
1/177)  resulted  in  a  still  higher  proportional  limit  at  850°  F.,  but  pro- 
duced no  increase  in  either  proportional  limit  or  tensile  strength  at 
1,000°  F.  The  fourth  and  last  steel  of  this  series  had  the  highest 
manganese  content  of  all  (2.23  per  cent),  about  double  the  molyb- 
denum content  (1.00  per  cent)  of  the  other  steels,  and  a  high  silicon 
content  (1.33  per  cent).  This  steel  had  tensile  strengths,  at  the  high 
temperatures,  equivalent  to  or  higher  than  the  other  steels  of  the 
series.  Its  proportional  limit  at  850°  F.  was  also  high.  Its  proportional 
limit  at  1,000°  F.,  however,  failed  to  show  an  equivalent  increase 
and  was  only  of  the  order  of  the  proportional  limit  of  the  first  steel 
of  this  series,  the  low-carbon,  low-manganese  composition,  at  the  corre- 
sponding temperature.  In  previous  work  10  it  has  been  observed  that 
1.25  per  cent  silicon  had  a  very  marked  effect  in  lowering  the  propor- 
tional limit  of  a  tungsten -chromium -vanadium  steel  at  about 
1,000°  F. 


Table  5. — Tensile  properties  of  molybdenum-chromium-vanadium 
temperatures  as  determined  by  short-time  tests 


steels  at  elevated 


DfislKnalion : 


Tem- 
pera- 
ture of 
test 


Propor- 
tional 
limit 


Tensile 
strength 


Modulus 
of  elas- 
ticity 


Elonga 
lion  In 
2  inches 


Kef  I  ac- 
tion (it 


ITardoning  heat  treatment  > 


HF-1/166. 
HF-1/165. 
HF-1/177. 
HF-1/178. 


T. 
70 

1.000 

70 
MO 
1,000 

70 
850 
LOW 

70 
850 
1.000 


Un.!in> 
>  60, 000 
i'.'i,  mi 
19,000 

»  80.000 
32,000 
26,000 

•75,000 
37,000 
25.000 

'74,000 
36,000 
20.000 


Lbt/in* 
104.000 
83,000 
71,000 

118,000 

W5,  (100 
81,000 

112,000 
»7,000 
71,500 

124,000 
104,000 
78,600 


Lbt.Hn,' 
XI0* 


Per  cent 
24.7 
24.7  I  23.5 
22.6  24.0 


24.0 
21.7 


24.8 
20.2 


23.3 
18.  V 


20.  7 
21.6 
23.5 

23.0 
2tt  5 
25.0 

21.5 
23.6 
27.0 


Per  cent 
66.2 
67.5 
7L6 

65.0 
67.5 
74.5 

63.3 
60.1 
73.3 

64.4 
63.  5 
77.4 


1,490°  F.,  30  minutes,  air  cooled. 


l, 


■1,460°  F.,  30  minutes,  air  cooled. 


>  See  Table  1  (or  chemical  compositions. 

'All  specimens  were  normalized  before  the  hardening  treatment  and  tempered  after  the  hardening 
treatment  indicated  in  tho  last  column  of  this  table.  In  all  cases  the  normalizing  treatment  consisted  of 
heating  at  1.700°  F.  for  30  minutes  and  cooling  in  air;  the  tempering  treatment,  of  heating  at  i,2oo°  F.  for  30 
minutes  and  cooling  in  air. 

*  Determined  by  The  Mid  vale  Co.  A  strain  of  5  x  10"*  taken  as  Indicating  departure  from  a  straight 
line. 

See  footnote  2,  p.  327. 
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V.  SUMMARY 

1.  Short- time  tensile  teste  at  elevated  temperatures  were  made  of  a 
medium-manganese  steel;  of  a  series  of  cast  nickel-chromium-iron 
alloys  containing  about  0.50  per  cent  carbon,  35  per  cent  chromium, 
and  nickel  from  10  to  45  per  cent;  and  of  two  series  of  low-alloy  steels, 
namely,  tungsten-chromium-vanadium  and  molybdenum-chromium- 
vanadium  steels,  all  normalized,  hardened,  and  tempered  at  1,200  °  F. 

2.  The  medium-manganese  steel  (1.08  per  cent)  had  a  proportional 
limit  of  15,000  to  16,000  lbs./in.a  at  900°  F.  This  is  fully  150°  F. 
higher  than  the  temperature  at  which  a  0.55  per  cent  manganese 
boiler-drum  steel  of  the  same  carbon  content  (0.4  per  cent  carbon) 
possessed  the  same  proportional  limit. 

3.  The  nickel-chromium  alloys  showed  no  marked  change  in 
proportional  limit  at  1,550°  F.  over  the  range  of  composition  studied. 
With  nickel  contents  over  30  per  cent  tensile  strengths  of  the  alloys 
decreased  noticeably  and  the  ductility  increased. 

4.  A  medium-manganese  content  (1.02  per  cent)  in  one  of  the  steels 
of  the  tungsten-chromium-vanadium  series  was  accompanied  by 
proportional  limits  as  high  as  or  higher  than  in  the  other  steels  of  the 
series. 

5.  Increased  manganese  contents  (up  to  1.4  per  cent)  in  the 
molybdenum-chromium-vanadium  steels  resulted  in  higher  propor- 
tional limits  at  850°  and  1,000°  F.  A  steel  having  a  still  higher 
manganese  content  (2.23  per  cent)  accompanied  by  high  silicon  (1.33 
per  cent)  and  1.00  per  cent  molybdenum  had  a  high  proportional 
limit  at  850°  F.,  but  a  comparatively  low  proportional  limit  at  a 
temperature  of  1,000°  F.  Similarly,  low  proportional  limits  at 
1,000°  F.  were  observed  in  previous  work  with  tungsten-chromium- 
vanadium  steels  having  a  high  silicon  content  (1.25  per  cent  Si). 

Washington,  July  6,  1932. 
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THE  COMPARISON  OF  HIGH  VOLTAGE  X-RAY 

GENERATORS 

By  Lauriston  S.  Taylor  and  K.  L.  Tucker 1 


ABSTRACT 

It  is  shown  that  when  measurements  are  made  in  the  customary  manner,  the 
X-ray  emission  of  a  tube  operated  on  two  mechanical  rectifiers  may  differ  by 
±  20  per  cent,  although  the  electrical  indications  are  the  same.  This  also  applies 
to  quality  evaluations  whether  of  the  full  absorption  curve,  half-value  layer  or 
effective  wave-length  type. 

Determinations  of  percentage  depth  dose  do  not  show  anv  such  marked 
differences  since  this  is  a  comparatively  insensitive  indicator.  It  is  seen,  more- 
over, that  there  is  little  gain  in  percentage  depth  dose  in  going  from  160  to  200 
kv  peak;  the  only  change  of  significance  being  in  the  actual  10  cm  depth  dose. 

It  is  shown  on  ihe  other  hand,  when  the  potential  of  three  generators  including 
constant  potential  is  measured  in  "effective  kilovolts,"  that  for  the  same  effective 
voltage  the  outputs  for  a  given  filter  are  all  very  nearly  the  same,  both  as  regards 
intensity  and  quality. 
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I.  INTRODUCTION 

In  the  technical  and  clinical  use  of  high  voltage  X  rays,  a  wide 
variety  of  generators  have  come  into  common  use.  To  save  strain 
on  the  X-ray  tube,  unidirectional  voltage,  obtained  by  mechanical  or 
by  thermionic  rectifiers,  is  usually  applied.  Since  the  rectification 
characteristics  of  such  generators  differ  widely,  there  has  been  con- 
siderable confusion  as  to  their  relative  effectiveness  in  producing  the 
desired  therapeutic  or  technical  results. 

Experience  in  this  laboratory  has  led  us  to  the  conclusion  that, 
due  largely  to  the  lack  of  properly  controlled  experimental  conditions, 
comparisons  between  X-ray  generators  which  have  been  made  in  the 
past,  are  of  questionable  soundness.  For  example,  we  have  found 
that  a  different  X-ray  emission,  as  expressed  in  terms  of  the  ionization 
produced  in  air,  is  obtained  from  a  given  tube  and  generator  when 
either  the  aerial  system  or  the  tube  inclosure  is  changed. 

It  was  decided/therefore,  to  make  a  careful  comparison  of  several 
typical  X-ray  generators  having  as  few  variables  as  possible  and  yet 
under  as  nearly  clinical  operating  conditions  as  obtainable  in  a  labora- 


»  Research  associ  Ue.  Ra  linlDglcal  Research  Institute.  This  work  was  started  by  K.  L.  Tucker,  who,  by 
reason  of  illness,  was  obliged  to  withdraw  from  active  participation  before  the  experimental  work  was 
complete. 
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tory.  For  the  most  part,  the  various  quantities  were  measured  in 
the  same  units  and  in  the  same  manner  as  in  the  clinic  so  that  the 
results  may  be  readily  interpreted  in  commonly  used  terms. 

The  physical  equality  of  X-ray  beams  produced  by  different 
generators,  so  far  as  concerns  therapeutic  application,  has  been  shown 
to  be  based  on  10  or  more  factors.2  Included  in  these  are  tube 
current,  tube  voltage  (peak),  filter,  quality  (II.  V.  L.  or  X,),3  Rdntgens 
per  minute  delivered  by  tube,4  and  percentage  depth  dose.4 

II.  APPARATUS 

Three  generators,  A,  B,  and  C,  were  chosen  as  typical.  A  and  B 
were  rated  to  deliver  full  wave  220  to  230  kv  (peak)  at  30  ma  (milli- 
amperes).  C  was  rated  to  deliver  200  ky  (peak)  at  10  ma.  A  was  a 
mechanical  rectifier  having  a  single  high-tension  transformer  and 
rectifying  approximately  30°  of  the  cycle.  B  was  a  mechanical 
rectifier  having  a  divided  secondary  high-tension  transformer  and 
rectifying  approximately  20°  of  the  cycle.  C  was  a  valve  tube  and 
condenser  npple  potential  generator  (so-called  constant  potential) 
having  a  ripplage  6  of  only  about  1.5-2  per  cent  per  milliampere, 
and  hence  an  X-ray  emission  not  differing  appreciably  from  strictly 
constant  potential. 

Any  one  of  the  three  generators  could  be  connected  to  the  same 
overhead  system  without  changing  its  capacitance.  As  will  be  shown, 
this  is  essential.  The  X-ray  tube  was  of  the  Coolidge  type,  having 
thin  walls.  Since  tubes  of  the  same  design  vary  slightly,  a  single 
tube  was  left  in  position  for  the  six  months  during  which  the  measure- 
ments were  made.  It  was  inclosed  in  a  rectangular  M-inch  lead  box, 
4  by  4  by  7  feet,  having  forced  ventilation.  Previous  experience 
indicated  that  X-ray  tubes  operate  more  smoothly  in  unconfined  space 
than  in  some  of  the  conventional  tube  drums.  For  example,  it  was 
found  that  for  a  tube  operating  at  200  kv  (peak)  a  spacing  of  about  12 
inches  from  center  to  ground  wall  produced  unsteadiness,  whereas  an 
18-inch  spacing  appeared  sufficient  to  avoid  such  difficulty.  Accord- 
ingly, we  used  the  24-inch  spacing  and  had  no  difficulty  with  tube 
unsteadiness  at  voltages  up  to  230  kv  (peak). 

Control  of  the  tube  with  generators  A  and  B  was  observed  by 
means  of  a  d.  c.  milliammeter  in  the  high-tension  circuit  and  a  wide- 


*  E.  A.  Pohle,  Am.  /.  Roent.,  vol.  18.  p.  55,  1927. 

•  The  half-value  layer  (H.  V.  L.)  In  copper  or  aluminum  Is  a  measure  of  the  "penetrating  power"  of  an 
X-ray  beam.  It  is  defined  as  the  thickness  of  copper  (or  aluminum)  which  Interposed  in  an  X-ray  beam 
reduces  its  intensity  to  one-half  its  initial  value  (as  measured  In  terms  of  air  ionization). 

The  effective  wave  length  of  an  X-ray  beam  is  the  wave  length  of  the  homogeneous  radiation  having  the 
same  absorption  coefficient  in  copper  (or  aluminum)  as  the  heterogeneous  radiation  in  question.  (See  dis- 
cussion of  various  methods  of  expressing  X-ray  qualities  In  a  paper  by  L.  S.  Taylor,  B.  S.  Jour.  Research, 
vol.  5  (RP212).  p.  517.  1930.) 

*  The  "RSntgen"  (r),  Is  defined  as  the  quantity  of  radiation  which,  when  the  secondary  electrons  are 
fully  utilized  and  the  wall  effect  of  the  chamber  b  avoided,  produces  in  1  cm'  of  atmospheric  air  at  0°  C, 
and  76  cm  meriury  pressure  such  a  degree  of  conductivity  that  one  electrostatic  unit  charge  is  measured  at 
saturation  current. 

»  The  "percentage  depth  dose"  Is  the  ratio  of  the  X-ray  Intensity  as  measured  at  a  given  depth  in  a  body 
of  homogeneous  material,  to  the  intensity  as  measured  at  the  IrradlBted  surface.  It  must  be  recognized  thai 
these  intensities  are  measured  in  terms  of  Roentgens  per  minute  and  hence  do  not  give  true  indications  of 
the  energy  absorbed  in  a  given  volume  element. 

•  Up  to  the  present  the  term  "constant  potential"  has  been  used  carelessly  In  describing  the  potential 
supplied  by  kenotron  or  other  valve  tube  rectification.  We  will  use  a  more  accurate  designation  of  voltages 
which  are  actually  not  constant  but  fluctuate  about  a  certain  average  value.  Thus  by  a  "ripple  quantity" 
(potential  or  current)  Is  meant  a  simple  periodic  quantity 

fm  Vi+V,sln  (ux+aO  +  Visln  (2ux+ai)  +  .  .  . 

in  which  the  constant  term  ( Vt)  Is  so  large  that  all  values  of  the  quantity  are  positive  (or  negative).  The 
amount  of  ripple  ("ripplago"  or  "ripplance")  in  a  ripple  quantity  Is  the  ratio  of  the  difference  between 
the  maximum  and  minimum  values  of  the  quantity  to  the  average  value. 


Digitized  by  Google 


Taylor 


Comparison  of  High  Voltage  X-Ray  Generators 


335 


scale  voltmeter  connected  directly  across  the  transformer  primary. 
Duplication  of  results  over  a  period  of  months  indicated  that  this 
control  method  was  sufficient.  In  the  case  of  the  generator  C  ("con- 
stant potential")  the  control  was  effected  by  means  of  a  shielded 
high-tension  voltmeter 7  connected  directly  across  the  tube  leads. 

Peak  voltage  was  measured  with  a  sphere  gap  in  all  cases.  Average 
voltages  were  measured  by  means  of  the  high-tension  voltmeter,  which 
in  the  case  of  generator  C  gave  readings  very  slightly  less  than  those 
of  the  sphere  gap,  depending  upon  the  tube  current.  Since  the  recti- 
fication characteristics  of  generators  A  and  B  vary  with  load,  this  was 
kept  constant  at  4  ma  (average)  throughout  the  entire  work. 

The  rectifying  switch  of  generator  B  was  fixed  in  a  permanent 
position  on  the  synchronous  motor  shaft,  so  measurements  made  with 


■  i 


Figure  1. — Diagram  of  apparatus  shouting  current  and  voltage  measuring 

systems 


B  were  arbitrarily  chosen  as  a  basis  in  comparing  with  A.  The  switch 
on  A  was  so  arranged  that  its  phase  position  could  be  readily  changed. 
The  positions  of  the  switches  were  at  the  points  set  by  the  agents  of 
the  respective  manufacturers — presumably  best  suited  for  use  at 
200  ky  (peak). 

Ionization  measurements  were  made  with  a  calibrated  thimble 
ionization  chamber  arranged  according  to  the  diagram  in  Figure  1. 
The  distance  from  focal  spot  to  center  of  the  chamber  was  104  cm. 
The  ionization  chamber  system  was  tested  for  leakage  by  covering 
the  thimble  chamber  cap  with  lead  and  then  exposing  it  to  the  X-ray 
beam.  No  leakage  was  detectable  in  an  exposure  time  double  the 
longest  used  in  the  measurements. 


'  L.  8.  Taylor,  B.  S.  Jour.  Research,  vol.  5  (RP217),  p.  809,  1830. 
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For  depth  dose  measurements  a  cubical  wax  phantom  about  35  cm 
on  a  side  was  used.  Wax  was  selected  instead  of  water  largely  for 
convenience  since  it8  difference  from  water  has  been  shown  8  to  be 
insignificant.  The  wax  was  carved  out  so  that  the  chamber  in  the 
surface  position  was  half  submerged  leaving  no  air  pockets  between 
it  and  the  wax.  The  focal  spot-surface  distance  was  likewise  104  cm. 
A  beam  area  of  10  cm  diameter  (78  cm2)  at  the  position  of  the  chamber 
was  chosen  in  order  to  work  with  a  clearly  defined  field  receiving  little 
stem  radiation.  Table  1  from  Grebe  and  Nitzge  shows  that  within 
wide  limits  variations  of  depth  dose  with  quality  are  independent  of 
the  field  area. 

Table  1. — Relationship  between  radiation  quality  and  percentage  depth  doxe  for 

two  different  field  areas 


A,  M<\  area  400  cm»;  B,  field  area  50  cm' 


Per  cent  depth 

dose 

n.  v.  l. 

Ratio 

-■1 

B 

mmCu 

AJB 

200 

52 

30 

1.73 

1.6 

51 

30 

1.70 

10 

W 

2U 

1.  72 

.8 

48 

28 

1.72 

.0 

47 

27 

1.74 

.4 

40 

24 

1.67 

.2 

23* 

10 

1  75 

.  1 

10 

» 

1.78 

.05 

7 

4 

1.75 

III.  INTENSITY  MEASUREMENTS  IN  AIR 

The  curves  in  Figure  2  give  for  generators  A  and  B  the  beam 
intensity  measured  in  air  (m  arbitrary  units)  as  a  function  of  the 
copper  filtration  in  the  beam.  Each  curve  is  for  a  constant  peak 
voltage  as  measured  with  a  sphere  gap.  It  will  be  noticed  that,  for 
the  same  tube  current  and  200  kv  (peak)  generator  B  gives  about  20 
per  cent  more  radiation  than  A  while  at  180  kv  (peak)  both  are  about 
the  same.  At  160  kv  (peak)  A  has  a  greater  X-ray  emission  than  B 
and  from  140  kv  (peak)  down  both  are  essentially  the  same. 

Figure  3  gives  a  similar  set  of  curves  for  generator  C  where  the 
voltages  are  expressed  in  kilovolts  average.  The  curve  for  150  kv 
(average),  replotted  as  the  broken  line  on  Figure  2,  approximates 
very  closely  the  curve  for  200  kv  (peak)  on  generator  B.  Similarly, 
it  will  be  found  for  the  conditions  used  here  that  the  other  approxi- 
mate intensity  equivalents  given  in  Table  2  are  obtainable  for  radia- 
tion filtered  through  0.5  mm  of  copper. 

Thus  to  obtain  an  X-ray  intensity  of  178  units  from  any  of  the 
three  generators,  through  0.5  mm  copper  filter,  would  require  that  A 
be  operated  at  200  kv  (peak),  B  at  189  kv  (peak),  and  C  at  142  kv 
(average).  This  is,  of  course,  for  the  same  tube  current  in  all  cases. 
Similarly,  an  intensity  of  80  units  is  obtained  at  138  kv  (peak),  140 
kv  (peak),  and  99  kv  (average),  respectively. 

•  Orel*  and  N'itzge,  Strahlen  (SonderbaudiO ,  vol.  14.  1930. 
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Tabl»  2. — Potentials  of  generators  A,  B,  and  C  required  to  produce  equal  X-ray 

intensities  or  qualities 


Intensity 

X. 

H.  V.  I.. 

Absorp- 
tion 
curve 

A 

kv  (peak) 

B 

kv  (peak) 

C 

kv  (average) 

215   

A. 

mmCu 

*237 
(215) 

200 
200 
200 
200 

173 

(ISO) 
178 
177 

154 

(150-155) 
153 
154 

138 
(133-140) 
132 
134 

200 
200 

180 
(190) 
195 
195 

180 
180 
180 
1M> 

150 
100 
160 
100 

140 
140 
140 
140 

152 
(155-100) 

142 

(150) 
161 
159 

132 
(135-140) 
147 
146 

122 
(125  I3()i 
124 
126 

99 

(105-110) 
112 
110 

m  

X 

a  775 

X 

0. 102 

"l"x 

.180 

.68 

80-  

".'206 

.60 

X 

.218 

.525 

X 

>  ExtraiMlated  value,  probably  too  high. 


To  obtain  some  quantitative  idea  of  the  effect  of  shortening  the 
aerial  system,  a  section  about  12  feet  long  was  disconnected.  This 
reduced  the  capacitance  of  the  high-tension  system  by  about  a  third 
(from  1 58 uu{  to  HOmmO  &nd  caused  a  noticeable  decrease  of  the 
X-ray  emission  at  the  higher  voltages  and  a  slight  increase  at  lower 
voltages.  It  is  thus  shown  clearly  that  had  two  different  aerial 
systems  been  used  comparisons  between  the  two  machines  would 
have  been  grossly  inisleaoing,  favoring  one  machine  at  higher  voltages 
and  the  other  at  lower  voltages. 

IV.  QUALITY  MEASUREMENTS  IN  AIR 

It  is  believed  that  at  present  the  most  nearly  adequate  method  of 
expressing  the  quality  of  an  X-ray  beam  is  to  give  its  full  absorption 
curve  in  copper  or  aluminum.9  This  is  best  done  by  plotting  the 
logarithm  of  the  intensity  (or  the  per  cent  transmission)  as  a  function 
of  the  nitration.  It  is  not  possible  by  this  method  to  express  a  radiation 
quality  as  a  single  numerical  magnitude. 

For  two  radiation  qualities  to  be  equivalent,  the  curvatures  of  their 
respective  absorption  curves  must  be  coincident.  Where  two  curves 
do  not  exactlv  coincide,  the  difference  in  quality  must  be  estimated. 
Wilsey  has  shown,  however,  that  actual  or  estimated  matching  of 
absorption  curves  permits  the  most  accurate  reproduction  of  a  given 
X-ray  quality. 

One  of  the  advantages  of  giving  a  full  absorption  curve  is  that  all 
other  quality  expressions,  such  as  the  half-value-layer  or  effective 
wave  length,  may  be  obtained  from  it.  The  slope  of  such  a  curve  at 
any  point  gives  the  effective  absorption  coefficient  of  the  radiation 
corresponding  to  the  particular  filter  for  which  the  point  was  chosen, 
and  from  this  in  turn  may  be  obtained  the  true  effective  wave  length 
of  the  beam.'0 

•  E.  A.  Poole,  and  C.  S.  Wright,  Radiology,  vol  14,  p.  17, 1930.  R.  B.  WUsey,  Radiology,  vol.  17,  p.  700, 
1931. 

»•  L.  8.  Taylor,  B.  8.  Jour.  Research,  vol.  5,  p.  617,  1930.  This  corresponds  to  MutM heller's  "average 
wave  length." 
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Figures  4,  5,  and  6  give  the  copper  absorption  curves  for  generators 
A,  B,  and  C  respectively.  These  curves  are  from  the  same  data  used 
for  Figures  2  and  3.  It  is  significant  to  note  that  the  200  kv  (peak) 
curve  for  generator  B  indicates  a  generally  more  penetrating  radia- 
tion than  for  generator  A  at  the  same  voltage.  At  180  kv  (peak)  the 
qualities  are  about  the  same,  while  at  150  kv  (peak)  the  reverse  ob- 
tains. From  140  kv  (peak)  down,  the  qualities  are  again  roughly  the 
same.  In  other  words,  as  shown  in  Table  2,  the  qualities  of  the  radia- 
tions bear  a  similar  relationship  to  one  another  as  do  the  intensities  so 
that,  for  a  given  peak  voltage,  and  a  given  nitration,  if  the  radiation 
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FiorjnE  4. — Semilogarilhmic  copper  absorption  curve  for  generator  A 

emission  of  A  is  greater  than  B  the  penetration  of  A  is  likewise  greater 
than  B.  It  is  unsafe  to  draw  any  generalization  from  these  results, 
but  it  may  be  noted  that  such  is  roughly  the  case  for  all  conditions 
thus  far  encountered  in  this  work. 

In  Figure  6,  giving  the  copper  absorption  curves  for  generator  C, 
the  broken  lines  are  transposed  from  Figures  4  and  5.  It  will  be  noted 
that  the  200-kv  (peak)  curve  for  generator  B  (upper  broken  curve) 
corresponds  very  nearly  in  slope  to  the  150-kv.  (average)  curve  for 
generator  C.  (It  will  be  recalled  that  the  corresponding  intensity 
curves  also  nearly  coincide.)  Similarly,  it  is  found  possible  to  match 
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the  other  absorption  curves  for  the  different  generators  and  we  find 
that  Table  2  above  for  intensity  equivalents  holds  approximately  true 
for  quality  equivalents,  also. 

V.  DEPTH  DOSE  MEASUREMENTS 

Measurements  of  the  percentage  depth  dose  were  made  over  the 
whole  range  of  radiation  qualities  used.  Figures  7,  8,  and  9  give, 
respectively,  the  surface  and  10-cm  depth  intensities  for  generators 
A,  B,  and  C.   Comparison  of  the  curves  for  the  two  mechanical  rec- 
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Figure  5. — Scmilogarithmic  copper  absorption  curve  for  generator  B 

tifiers  shows  the  same  general  similarities  as  were  evidenced  by  the  air 
intensity  curves  given  in  Figures  2  and  3.  Thus  the  200-kv  curve  for 
generator  B  (broken  line  curve  in  fig.  7)  shows  a  considerably  greater 
surface  dose  than  the  200-kv  curve  for  generator  A. 

Again  the  intensities  measured  at  10  cm  depth  for  the  two  machines 
are  related  in  the  same  manner  as  the  air  intensities. 

The  broken  line  curves  in  Figure  8  are  intensities  for  generator  B 
when  used  with  the  shortened  aerial  system.  As  noted  for  the  air 
intensity  measurements,  the  long  aerial  system  has  a  greater  X-ray 
emission  at  200  and  180  kv  and  a  smaller  emission  at  160  kv  than  the 
short  aerial  system.  Below  160  kv  there  appears  to  be  no  significant 
difference  between  generators. 
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In  comparing  generator  C  with  A  and  B,  it  is  found  (fig.  9)  that 
160.5  kv  (average)  on  C  produces  slightly  greater  air  and  surface  in- 
tensities than  200  kv  (peak)  on  generator  B  while  150  kv  (average) 
on  Cis  about  equivalent  to  200  kv  (peak)  on  generator  A.  Also  140  kv 
(average)  on  C  is  seen  to  be  equivalent  to  180  kv  (peak)  on  either 
A  or  B. 

Quality  measurements  as  here  carried  out,  with  the  thimble 
chamber  at  the  phantom  surface  and  at  10  cm  depth,  have  no  real 
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Figure  6. — Semilogarithmic  copper  absorption  curve  for  generator  C 

Upper  broken  line  curve  (or  generator  B  at  200  kv.  Lower  broken  line  carve  for 
generator  A  at  180  kv. 


significance  in  relating  the  radiation  quality  in  a  phantom  to  that  in 
air.  This  is  because  radiation  under  such  conditions  contains  a  major 
proportion  of  very  soft  scattered  X  rays  that  introduce  a  large  and 
unknown  wall  correction  into  the  measurements.  Since  it  is  impos- 
sible to  reproduce  such  radiations  entering  a  standard  chamber,  the 
thimble  chamber  can  not  be  calibrated  for  equivalent  radiation 
qualities. 

Such  curves  have  significance,  however,  in  comparing  radiation 
qualities  measured  under  identical  experimental  conditions,  and  as 
such  have  been  used  to  compare  depth  dose  qualities. 

132919—32  6 
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Figures  10,  11,  and  12  give  the  copper  absorption  (corresponding 
to  the  intensity  curves  of  figs.  7,  8,  and  9)  measured  at  the  surface 
and  10  cm  depth  for  generators  A,  B,  and  C,  respectively.  On  the 
assumption  that  similar  absorption  curves,  obtained  under  identical 
conditions,  imply  equivalent  radiations,  these  curves  show  precisely 
the  same  relation  between  the  10  cm  depth  radiation  qualities  for  the 
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Figure  7. — Beam  intensities  for  generator  A  measured  at  phantom 
surface  (S)  and  at  10  cm  phantom  depth  (D) 
Broken  curve  Is  for  200  kv  on  generator  B  measured  at  surface. 


three  generators  as  was  indicated  by  the  absorption  curves  measured 
in  air. 

Percentage  depth  doses  for  all  the  conditions  here  used  may  be 
obtained  directly  from  the  curves  in  Figures  7,  8,  and  9.  It  happens 
that  the  percentage  depth  dose  changes  but  very  slowly  with  increasing 
hardness  of  radiation  after  one  or  two  tenths  of  a  millimeter  copper 
filtration.  It  also  changes  but  slightly  with  increase  of  voltage  above 
160  kv  (peak).  Consequently,  the  change  in  percentage  depth  dose  is 
an  insensitive  indicator  of  radiation  equalities.  It  can  not,  however, 
be  neglected ;  since,  if  two  radiations,  having  otherwise  similar  proper- 
ties, should  differ  materially  in  percentage  depth  dose,  there  would 
be  no  justification  for  saying  that  they  were  equivalent." 

>■  It  sbould  be  noted  that  a  percentage  depth  dose  is  the  ratio  between  two  measurements  and  pence  its 
error  may  be  considerably  larger  than  the  individual  errors  of  tbe  original  iwrourenientt. 
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The  change  of  depth  dose  with  filtration  for  the  three  generators  is 
given  in  Table  3.  It  is  seen  that,  while  the  accuracy  is  none  too  good, 
the  percentage  depth  dose  with  generators  A  and  B  are  about  the 
same  at  equal  voltages.  The  depth  doses  at  160  kv  appear  to  be 
slightly  greater  than  at  higher  voltages  which  is  probably  unreasonable 
but  may  be  duo  to  small  cumulative  errors.  In  comparing  generator 
C  with  the  mechanical  rectifiers,  it  is  found  that  the  depth  doses  at  160 

2S0i  1  I  1  , 


U5  2.0  XO 

COPPCB     rtlXM  IMM> 

Figure  8. — Beam  intensities  for  generator  B  measured  at  phantom 

surface  (S)  and  at  10  cm  phantom  depth  (D) 

Broken  line  curves  (top  to  bottom)  for  surface  Intensities  for  same  generator  except 
with  shortened  aerial  operating  at  200, 180,  and  100  kv  (peak). 

kv  (average)  for  C  slightly  exceed  those  at  200  kv  (peak)  for  A  and  B 
and  likewise  the  depth  doses  at  140  kv  (average)  for  C  are  slightly 
greater  than  those  at  180  kv  (peak)  for  A  and  B.  At  160  kv  (peak) 
generators  A  and  B  give  a  slightly  greater  depth  dose  than  Cooperating 
at  120  kv  (average).  The  importance  of  these  depth-dose  measure- 
ments rests  in  their  agreement  and  no  inference  should  be  drawn 
from  the  small  differences  found. 
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Table  3. — Percentage  depth  doses  in  wax  phantom  {field  10  cm  diameter)  for  different 

copper  filtration* 
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Fioure  9. — Beam  intensity  for  generator  C  measured  at  phantom 
surface  (S)  and  at  10  cm  phantom  depth  (D) 
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VI.  HALF-VALUE  LAYERS  AND  TRUE  EFFECTIVE  WAVE 

LENGTHS 

The  results  above  have  shown  that  the  copper  absorption  curves  for 
the  three  generators  give  a  fairly  reasonable  comparison  of  the  result- 
ing tube  emission  as  regards  quantity,  quality,  and  depth  dose.  From 
the  curves  given,  effective  wave  lengths  or  half-value  layers  in  copper 
for  any  desired  beam  of  radiation  may  be  obtained  directly.  In 
practice,  radiation  qualities  have  been  variously  expressed  by  either 
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Figube  10. — Remilogarithmic  copper  absorption  curves  for  radiation 
measured  at  surface  (£)  and  10  cm  depth  (D)  on  phantom  for 
generator  A 


of  these  two  methods.  Hence,  for  facilitating  comparisons  of  the 
radiation  output  of  generators,  values  of  the  copper  naif-value  layer 
(H.  V.  L.)  and  true  effective  wave  length  (X,),  covering  all  the  radia- 
tions used  in  this  study,  have  been  plotted  in  Figures  13  and  14.  It 
should  be  emphasized  that  the  values  for  mechanical  rectifiers  are 
likely  to  vary  somewhat  between  machines  and  that  the  values  here 
given  hold  strictlv  only  for  our  generators.  They  should,  however, 
serve  as  a  fairly  close  guide. 

Values  of  H.  V.  L.  and  X,  also  depend  upon  the  thickness  of  the 
tube  wall,  this  probably  accounting  for  the  differences  in  H.  V.  L.  for 
"constant  potential"  reported  by  several  workers.    Probably  a  more 
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serious  source  of  difference  between  workers  lies  in  their  method  of 
voltage  measurement  and  in  the  amount  of  ripplage  present  in  their 
generator.  When  n<\uz  irenerator  (  the  ripplage  w«.>  found  to  be 
about  8  per  cent  and  to  vary  sliulitly  \sith  voltage.  Voltage  measure- 
ments were  made  by  mean-  of  a  shielded  high  resistance  li  voltmeter 
multiplier f"  in  series  with  a  d.  c.  mieroammeter.lJ  Thus  the  potentials 
are  expressed  in  average  kilo  volts  whereas  the  potentials  used  by  other 
workers  in  measuring  IF  .  F.  were  usually,  if  not  always,  in  peak 
kilo  volts.  To  show  how  virions  observers  agree,  their  results  are 
plotted  in  Figure  15.    There  appears  to  be  no  systematic  difference 
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except  that  HoIthusciFs  are  consistently  higher  than  all  others.  Our 
measurement-  fall  between  the  others  over  a  large  portion  of  the 
range  covered. 

The  "quality"  comparisons  of  the  three  generators,  made  from  the 
full  absorption  curves,  are  borne  out  very  well  by  the  II.  V.  L.  and 
Xf  curve-,  of  Figures  15  and  14.  For  example,  an  X-ray  beam,  filtered 
with  0.5  mm  copper  and  having  an  II.  \'.  F.  of  0.75  mm  Cu,  maybe 
obtained  with  200  kv  on  generator  .1,  105  kv  on  H,  and  1G0  kv  on  C. 

"Sc:  footnote,  7  j>.  ■X'.\ 
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Again  a  beam  filtered  with  0.25  mm  copper  and  having  an  H.  V.  L.  of 
0.50  mm  copper  may  be  obtained  with  210  kv  on  A,  202  kv  on  B,  and 
150  kv  on  C.  We  find  a  similar  relationship  from  the  effective  wave- 
length curves.  Thus  a  beam  filtered  with  0.5  Cu  and  having  a  value 
of  A,  =  0.195  Angstrom  may  be  obtained  with  200  kv  on  A,  196  kv 
on  B,  and  160  kv  on  C.  Again  a  0.25  mm  copper  filtered  beam  having 
X«  =  0.235  Angstrom  is  obtained  by  212  kv  on  A,  203  kv  on  B,  and 
150  kv  on  C.  The  agreement  of  these  with  the  results  obtained  from 
the  H.  V.  L.  curves  is  probably  within  the  experimental  error. 
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FiauBB  12. — Semilogariihmic  copper  absorption  curves  for  radia- 
tion measured  at  surface  (S)  and  10  cm  depth  (D)  on  phantom 
for  generator  C 

VII.  VOLTAGE  MEASUREMENTS 

A  partial  explanation,  at  least,  for  the  variation  in  X-rav  emission 
under  apparently  identical  conditions,  is  found  to  lie  in  the  method 
of  voltage  measurement.  The  emission  of  an  X-ray  tube  operating  on 
a  mechanically  rectified  generator  depends  upon  the  wave  form  ol  the 
voltage  and  the  voltage-space  current  characteristic  of  the  tube.  If 
the  tube  current  saturation  is  reached  at  a  comparatively  low  voltage, 
then  the  voltage  wave  form  of  the  generator  is  the  predominant  factor 
in  determining  the  tube  output.  The  wave  form  in  turn  depends 
upon  current  load  drawn  from  the  generator,  the  voltage,  and  the 
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setting  of  the  rectifying  switches.  It  happens  that,  in  general,  no 
single  setting  of  the  rectifiers  will  suffice  to  yield  the  maximum  output 
for  all  current  and  voltage  combinations.  In  practice  a  single  rectifier 
setting  is  used  for  all  operating  conditions  and  as  a  consequence  the 
optimum  output  is  realized  only  for  a  narrow  range  of  conditions. 

In  measuring  the  voltage  with  a  sphere  gap  the  peak  of  the  wave  is 
the  quantity  determined,  regardless  of  the  wave  form.  Thus  while 
the  peak  voltage  of  two  waves  may  be  the  same,  if  one  is  a  sharp- 
topped  wave  form  while  the  other  is  broad-topped,  it  is  obvious  that 
the  tube  output  for  the  latter  will  exceed  that  of  the  former.  This 
condition  may  be  largely  met  if  the  generator  output  voltage  be 
measured  in  effective  rather  than  peak  kilovolts. 


100       I2S       IM      175      200  100     110     120     130     140     150  ISO 

Figure  13. — Half-value  layer  curves  for  generators  A,  B,  and  C 

This  was  readily  accomplished  by  means  of  the  high  voltage  volt- 
meter described  in  conjunction  with  the  constant  potential  generator. 
As  used  up  to  the  present,  the  150  megohm  noninductive  shielded 
resistor  13  was  in  senes  with  a  d.  c.  microammeter  and  thus  measured 
average  voltage.  When  the  d.  c.  instrument  is  replaced  by  an  a.  c. 
microammeter  the  potential  is  measured  in  effective  kilovolts.  In  this 
work,  the  latter  instrument  not  being  readily  available,  we  used  a 
Kelvin  multicellular  electrostatic  voltmeter  to  measure  the  potential 
drop  across  75,000  ohms  placed  in  series  with  the  main  high  resistance. 
The  meter  then  read  the  voltage  across  the  line. 

In  the  case  of  generator  C  the  effective  and  average  voltages  are 
nearly  identical.    However,  for  mechanically  rectified  potentials, 

"  These  have  been  described  In  paper  referred  to  in  footnote  7,  p.  335.  It  was  found  that  the  separate 
units  making  up  the  final  resistor  had  a  very  slight  negative  reactance  at  1 ,000  cycles. 
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Figure  14. — Effective  wave  length 
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Figure  15. — Comparison  of  half-value  layer 
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the  effective  voltage  is  considerably  higher  than  the  average.  Figure 
10  shows  the  relation  between  the  peak  and  effective  voltage  for 
generators  A  and  B  used  in  this  study.  In  order  to  produce  the 
same  total  load  on  the  rectifier  as  used  in  the  previous  experiments — 
thus  having  nearly  the  same  wave  form — the  tube  current  was 
adjusted  so  that  when  added  to  that  through  the  voltmeter  (0-1  ma) 
the  total  was  4  ma.  Curves  A  and  B  are  for  generators  A  and  B, 
respectively,  whence  it  may  be  seen  that  for  the  same  peak  voltage 
the  two  systems  have  quite  different  effective  voltages. 


KILOVOLTS  (EFFECTIVE) 
J  I  I  


60  60  100  120  140  160 

Figure  16. — Effective  and  peak  voltage  measurements  on  genera- 
tors A  and  B 

That  the  effective  voltage  is  more  closely  related  to  tube  output 
than  peak  voltage  may  be  readily  seen.  For  example,  for  the  same 
200  kv  peak,  generator  B  had  a  greater  output;  and,  as  seen  in  Figure 
16,  the  effective  voltage  of  B  exceeded  that  of  A.  Similarly,  at  180 
kv  (peak)  the  outputs  were  approximately  equal  and  it  is  likewise 
found  that  the  effective  voltages  were  about  the  same,  and  so  on. 

To  compare  the  output  of  the  three  generators,  when  the  potential 
is  measured  in  effective  kilovolts,  the  curve  in  Figure  17  shows  the 
relationship  between  the  beam  intensity  (filtered  through  0.525  mm. 
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of  copper)  and  the  effective  kilovoltagc.  Curve  C  is  for  generator 
C  ("constant  potential")  and  the  other  points  are  as  indicated.  It  is 
seen  at  once  that  the  output  at  a  given  voltage  is  of  the  same  order 
of  magnitude  for  all  three  generators.  Since  the  radiation  quality 
was  found  to  be  roughly  proportional  to  the  intensity  for  a  given 
tube  current,  it  follows  that  the  effective  voltage  also  presents  a 
fairly  close  indication  of  the  quality.  These  results  will  be  discussed 
in  greater  detail  in  a  later  paper. 

VIII.  CONCLUSION 

It  is  believed  that  any  value  to  be  ascribed  to  this  study  lies  in 
showing  physical  similarities,  and  not  differences,  between  high  volt- 
age X-ray  generators.  Care  has  been  taken  to  avoid  any  comparisons 
of  the  biological  effectiveness  per  se  of  the  radiations  used.  One  of 
the  outstanding  biological  problems  is  how  to  administer  a  desired 
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Figure  17. — Plot  showing  tube  output  as  a  function  of 
effective  voltage  for  generators  A,  B,  ana  C 


dose  of  radiation  within  the  bodv  without  at  the  same  time  producing 
a  dangerous  skin  erythema  or  destroying  intervening  tissue.  It  has 
been  shown  here  how  equivalent  depth  dose  may  be  obtained  with 
different  generators  and  a  wide  range  of  qualities  and  intensities. 
The  clinical  application  of  this  wide  range  of  radiations  depends  on 
two  factors  which  must  be  decided  by  the  clinician,  not  by  the 
physicist.  The  first,  is  the  relationship  between  quality  and  the 
erythema  dose.  The  second  is  the  economics  of  administering  radia- 
tion,14 for  obviously  it  would  not  be  economical  to  use  highly  filtered 
low-voltage  radiation  for  deep  therapy  when  there  is  available  a 
much  greater  intensity  of  less  filtered  radiation — assuming  the  bio- 
logical effect  to  be  the  same. 


"  O.  Pallia,  Dissert.  L'Unlv.  de  Paris,  Serie  A,  No.  1770, 1923. 
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It  is  hoped  that  the  results  of  the  present  study  will  enable  the 
clinician  to  better  compare  his  technique  with  that  of  others  using 
different  generators  and  making  his  measurements  by  different 
methods. 

This  study  has  been  made  possible  through  the  support  and  the 

rierous  cooperation  of  the  Radiological  Research  Institute  and  the 
ray  manufacturers  of  this  country,  for  which  we  express  our  ap- 
preciation. In  addition,  we  thank  G.  Singer  and  C.  F.  Stoneburner, 
of  this  laboratory,  for  their  assistance,  particulary  with  the  effective 
voltage  measurements. 

Washington,  June  6,  1932. 
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THE  STRUCTURE  OF  THE  CHROMIC  ACID  PLATING 
BATH;  THE  THEORY  OF  CHROMIUM  DEPOSITION 

By  Charles  Kasper 


ABSTRACT 

The  structure  of  solutions  that  are  of  importance  to  the  theory  of  chromium 
deposition  from  the  chromic  acid  bath  was  investigated  by  cryoscopic  and  con- 
ductivity measurements,  and  absorption  spectra.  It  was  shown  that  the  first 
step  in  the  reduction  of  chromic  acid  is  the  formation  of  chromium  dichromate, 
Cri(CriOr)i,  a  strong  electrolyte  which  forms  negative  molecular  ions.  This  com- 
pound is  found  not  to  exist  in  the  ''green"  form.  The  next  product  of  reduction 
is  the  basic  chromium  chromate,  Cr(OH)i'Cr(OH)CrO«.  This  compound  is  a 
colloid,  which  may  exist  in  relatively  acid  solutions.  If  sulphate  is  present,  it 
forms  chromic  sulphate  only  the  green  form  of  which  exists  in  chromic  acid 
solutions. 

If  the  basic  colloid  does  not  have  its  electrophorotic  velocity  reduced,  it  coats 
the  cathode  and  prevents  further  reduction  of  chromic  acid.  The  beneficial 
action  of  the  sulphate  is  caused  by  the  fact  that  it  lowers  that  velocity  by  adsorp- 
tion. The  sulphate  reaches  the  cathode  film  by  being  transported  as  a  nonreac- 
tive  positive  molecular  ion,  (Cr,0(SO«)4(H,0)  J++. 

The  above  theory  was  confirmed  by  employing  it  to  correlate  facts  and  prin- 
ciples of  chromium  plating. 
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I.  INTRODUCTION 

Chromium  is  electrodeposited  commercially  from  baths  containing 
chromic  acid  (2  to  4  M),  a  small  amount  of  sulphate  (0.02  to  0.05  AO, 
and  a  variable  concentration  of  trivalent  chromium  (derived  from  the 
partial  reduction  of  the  chromic  acid).  No  entirely  satisfactory  ex- 
planation has  been  offered  for  the  mechanism  of  this  process,  and  in 
particular  for  the  function  of  the  sulphate. 
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The  research  naturally  divided  itself  into  two  parts — first,  the 
structure  of  the  initial  solution  and  of  any  system  to  which  it  may 
give  rise  on  electrolytic  reduction,  and,  second,  the  deportment  of  such 
systems  in  an  electric  field. 

By  the  structure  of  a  solution  is  meant  the  type  and  extent  of  the 
linkages  existing  between  the  various  species  present.  Two  types  of 
suchlxmds  are  now  recognized  (23), 1  although  modern  research  indi- 
cates that  an  indefinite  number  may  exist  (29). 

Unless  otherwise  stated,  all  strong  electrolytes  2  will  be  regarded  as 
completely  ionized  at  all  concentrations.  This  characteristic  is 
associated  with  systems  in  which  only  the  ionic  type  of  linkage  exists. 

The  structure  of  the  solutions  was  studied  by  measuring  their 
freezing  point  lowerings,  conductivities,  and  absorption  spectra. 
From  a  consideration  of  published  data  on  the  systems  of  interest  and 
admittedly  similar  ones,  and  from  new  experimental  evidence,  a  theory 
of  the  electrodeposition  of  chromium  has  been  developed.  This 
theory  correlates  and  explains  practically  all  known  facts  concerning 
the  process  and  also  permits  valid  predictions  to  be  made. 

n.  MATERIALS  AND  SOLUTIONS 

A  special  lot  of  pure  chromic  acid  was  employed  which  had  the 
composition  (on  a  dry  basis)  shown  in  Table  1.  The  methods  of 
analysis  were  the  same  as  those  employed  by  Moore  and  Blum  (26). 

Table  1.— Composition  of  chromic  acid 


Material 


Chromic  acid  (CrOi)  

Trivalent  chromium  (CnOi). 

Sulphate  (SOi)  

AJkalKNa»0+KiO)  

Total  


Per  cent 


99.75 
.15 
.01 
.01 
.01 


99.  93 


A  number  of  methods  were  employed  to  prepare  chromic  acid 
solutions  containing  trivalent  chromium  and  practically  no  other 
substances.  Reduction  with  alcohol  gave  solutions  from  which  the 
resultant  acetic  acid  could  not  be  readily  removed.  By  dissolving 
pure  Cr2Oa  (produced  by  igniting  Cr03)  in  strong  chromic  acid, 
solutions  with  compositions  corresponding  to  degrees  of  reduction  up 
to  20  per  cent 3  were  obtainable.  Dissolving  of  basic  chromate, 
calcined  at  200°  C,  in  chromic  acid  yielded  the  same  result.  The 
more  highly  reduced  solutions  were  prepared  by  the  addition  of 
concentrated  hydrogen  peroxide.  These  will  be  described  and  dis- 
cussed in  a  subsequent  section. 

The  solutions  for  the  cryoscopic  measurements  were  prepared,  as 
customary,  on  a  weight  basis  (moles  per  1 ,000  g  of  water).  Those  for 
the  measurement  of  conductivity  and  light  absorption  were  prepared 


1  The  numbers  in  the  text  here  and  throughout  the  text  refer  to  the  bibliography  at  the  end  of  the  paper- 
>  In  this  paper  the  term  electrolyte  Is  used  In  the  same  sense  as  ionoeen:  that  Is,  a  substance  which  when 

dissolved  in  a  specified  medium  produces  a  conducting  solution  (which  latter  is  frequently  called  the 

"electrolyte"). 

» The  relative  content  of  trivalent  chromium  In  these  solutions  may  be  conveniently  expressed  in  terms  of 
the  total  chromium  content.  For  example,  a  solution  corresponding  to  Cr»(CrtO?)»,  chromium  dlchromnte. 
has  one-fourth  of  its  chromium  content  in  the  trivalent  state,  and,  hence,  represents  a  solutton  that  is  25 
87  rpe?clnt?      '  8lm^l*^ly,  *■  bMlc-cbrom*t«.  (Ct  (OH)i-Cr(OH)CrO,  represents  a  reduction  of  about 

Digitized  by  Google 


Katper] 


Theory  of  Chromium  Deposition 


355 


on  a  volume  basis  (moles  per  liter  of  solution).  The  stated  concentra- 
tions of  free  chromic  acid  are  based  on  the  assumption  that  the  triva- 
lent  chromium  is  present  as  the  dichromate,  CratC^OrV  Sulphate 
was  introduced  as  dilute  sulphuric  acid,  which  was  added  at  room 
temperature,  and,  therefore,  produced  no  appreciable  heating. 

III.  STRUCTURE  OF  SOLUTIONS 

L  PURE  CHROMIC  ACID 

The  published  data  analyzed  by  Abegg  (7)  show  conclusively  that 
chromic  acid  is  a  strong  acid,  which  at  moderate  concentrations 
exists  principally  as  dichromic  acid,  H2Cr207,  of  which  both  hydrogens 
are  strongly  dissociated.  In  more  concentrated  solutions  trichromic 
acid,  H2Cr3O10,  and  possibly  tetrachromic  acid,  H2Cr40u,  exist.  In 
very  dilute  solutions  the  monochromate  ions,  HCr04~,  and  Cr04  , 
are  the  principal  forms.  The  content  of  Cr04~  "  ions  at  any  finite 
acid  concentration  is  extremely  low. 

2.  CHROMIUM  DICHROMATE 

As  it  appeared  probable  from  chemical  evidence  that  the  first  step 
in  the  reduction  of  chromic  acid  results  in  the  formation  of  chromium 
dichromate,  the  structure  of  partly  reduced  solutions  was  first 
investigated. 

(a)  PREVIOUS  WORK 

Some  investigators  (13),  (16),  and  (19)  have  considered  chromium 
dichromate  as  a  colloid,  while  others  (22)  have  regarded  it  as  a  very 
weak  electrolyte.    In  all  cases  the  evidence  is  unsatisfactory.  The 

f rincipal  arguments  were  based  upon  ultramicroscopic  observations, 
n  order  that  a  colloid  be  detectable  by  this  means  it  must  possess  a 
certain  size,  a  certain  refractive  index,  and  a  certain  transmittancv. 
It  is  difficult  to  see  how  scattered  (not  reflected)  light  could  be  ob- 
served in  such  highly  absorbing  solutions  as  these,  if  the  dispersoid 
is  not  a  metal.  Some  solutions  like  those  previously  investigated 
were  examined  with  the  ultramicroscope.  From  these  experiments 
the  conclusion  was  reached  that  the  variable  results  (and  hence  the 
variable  interpretations)  were  caused  by  dust.  No  great  weight 
should  be  attached  to  ultramicroscopic  observations  on  these  solutions. 

In  addition  to  obtaining  negative  results  with  the  ultramicroscope, 
Ollard  (22)  cited  the  qualitative  evidence  of  the  migration  of  the  tri- 
valent  chromium  toward  the  cathode  in  these  solutions.  This  obser- 
vation does  not  prove  that  chromium  dichromate  is  a  very  weak 
electrolyte.  It  might  be  a  strong  electrolyte  or  a  lyophilic  colloid 
(a  micelle). 

<b)  CRYOSCOPIC  EVIDENCE 

The  measurements  were  made  with  the  usual  type  of  apparatus: 
in  the  IF  series  a  platinum  resistance  thermometer  was  used,  and  in 
the  2F  series  a  Beckmann.    The  results  are  given  in  Table  2. 
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Table  2. — Freeting-point  depreatioru 


Solution  No. 

Moles  per  1,000  RHtO 

Crvi 

Cr"» 

Cri(Cr»Oi)i 

Free  CrOi 

H.SO, 

IFI  

4.340 
4.340 
4.340 
1.016 
1.0K4 
1.  OK  I 
.249 

1 108 
1. 108 
1. 108 

0.554 
.554 
.554 

1.016 
1.016 
1.016 
1.016 
.249 
.249 
.249 

•a 

13.72 
13.97 
15.47 
2.98 
1.72 
117 
.66 

1FII  

1FIII  

IFIV  

a  04 

.20 

2FI  

.278 
.278 

.139 
.130 

2FII  

3FUI  

.05 

» 

In  the  designation  of  a  given  solution,  for  example  2FI,  the  Arabic 
numeral  (2)  refers  to  the  apparatus  employed,  the  letter  (F)  denotes 
the  type  of  measurement  (in  this  case  freezing  point),  and  the  Roman 
numeral  (I)  refers  to  the  number  of  the  solution  in  that  series. 
These  three  symbols  define  the  composition  of  the  solution.  Some- 
times it  was  found  necessary  to  heat  the  solutions  for  one  hour  at 
100°  C:  such  solutions  are  designated  with  an  additional  symbol,  B. 

The  data  relating  to  solutions  IFI  and  IFIV  show  that  the  depres- 
sion produced  by  0.554  mole  of  chromium  dichromate  is  13.72°  — 
2.98°  =  10.74°,  or  19.40°  per  mole.  If  this  salt  were  completely 
ionized  into  chromic  and  dichromate  ions,  and  "perfect"  m  the 
Arrhenius  sense,  there  would  be  a  molar  depression  of  9.3°.  The 
solute  is  a  "superperfect"  one,  and  most  certainly  is  not  a  colloid 
or  a  very  weak  electrolyte.  This  point  is  shown  even  more  conclu- 
sively by  the  data  for  the  more  dilute  solutions.  In  the  same  manner 
the  molal  depression  calculated  from  the  data  for  the  0.139  M  chro- 
mium dichromate  is  7.6°;  the  value  for  violet  chromic  sulphate  (7) 
(a  comparable  solute)  at  the  same  dilution  is  4.15°. 

Heating  the  above  solutions  for  one  hour  at  100°  C.  caused  no 
change  in  the  depressions.  As  practically  all  inorganic  chromic 
compounds  exhibit  changes  in  properties  (from  the  violet  to  the 
green  form4)  when  they  are  heated,  this  observation  is  important. 
This  evidence  is  indicative  that  the  "green  "  form  of  chromium  dichro- 
mate did  not  exist  in  these  solutions.  In  this  respect  this  salt  is 
similar  to  chromic  nitrate  and  perchlorate.  The  absence  of  a  change 
in  solutions  containing  sulphate  shows  that  the  state  of  the  sulphate 
is  the  same  in  the  heated  as  in  the  unhealed  solutions. 

(c)  CONDUCTIVITY  MEASUREMENTS 

A  solution  that  was  1.086  Mm  CrVI  and  0.277  M  in  Crm,  and 
which  was,  therefore,  0.255  M  in  free  Cr08,  had  at  25°  C.  a  con- 
ductivity of  0.666  mho-cm.  This  is  about  15  per  cent  higher  than 
the  interpolated  value  of  0.579  of  Moore  and  Blum  (26)  for  0.255  M 
CrO,.  The  increase  in  conductivity  caused  by  0.138  M  chromium 
dichromate  is  0.086  mho-cm,  which  corresponds  to  a  molal  conduct- 
ance of  1>0°oi3g 086  =  623  mho-cm.  The  data  in  Abegg  (7)  show 
that  the  molal  conductance  of  violet  chromic  sulphate  at  the  same 


«  For  e  ram  pie,  the  violet  chloride  (Cr(HiO)i]  Cl»,  is  tnmsrormed  by  heat  Into  the  green  compound 
tCr(HiO),Cl]Cl,  and  [CrtU.OJ.CUCL 
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dilution  is  about  800  mho-cm.  The  difference  is  of  the  order  expected 
in  view  of  the  greater  mobility  of  the  sulphate  ion  Oxoo-136)  as 
compared  with  the  dichromate  ion  (m<»  =  50). 

The  cryoscopic  and  conductimetiic  measurements  that  we  have 
made  indicate  that  chromium  dichromate  is  similar  in  structure  to 
violet  chromic  sulphate;  that  is,  it  is  an  electrolyte  that  does  not 
form  molecules  or  molecular  ions  that  include  the  negative  radical. 
The  spec  tropho  tome  trie  measurements  to  be  described  indicate  that, 
while  this  conclusion  is  in  the  main  correct,  true  molecular  ions  do 
exist. 

(d)  ABSORPTION  SPECTRA 

The  cells  for  these  measurements  were  made  entirely  of  glass  and 
were  usually  1  mm  thick.  Thin  cells  were  necessary  on  account  of 
the  high  absorbencies  of  most  of  the  solutions.  The  measurements 
were  limited  to  wave  lengths  from  500  to  700  m/x.  The  IP  series 
were  measured  on  a  Koenig-Martens  visual  spectrophotometer.6  The 
2P  series  were  executed  on  a  Bausch  &  Lomb  visual  spectrophotom- 
eter. Although  the  accuracy  of  our  measurements  with  the  latter 
instrument  is  not  quite  as  high  as  with  the  former,  the  results  are 
sufficiently  precise  for  our  purposes. 

In  expressing  the  results  the  nomenclature  of  the  Optical  Society  of 
America  (12)  is  followed  as  closely  as  possible.  The  transmittancy, 
T,  is  equal  to  I/I0,  where  /  is  the  light  intensity  through  a  cell  filled 
with  the  solution,  and  I0  that  through  a  similar  cell  filled  with  the 
solvent.  The  absorbency,  A,  is  equal  to  — log10  T.  Also,  A  is  equal 
to  2(a,Ci)l,  where  1  is  the  length  in  centimeters  of  the  path  traversed, 
c<  is  the  concentration  of  species  i  in  moles  per  cubic  centimeter,  and 
at  is  the  molal  absorbency  of  i.  If  the  values  of  a,  are  independent 
of  those  of  c(,  the  system  is  said  to  obey  Beer's  law. 

All  measurements  were  made  at  about  25°  C.  The  composition  of 
the  solutions  upon  which  spectrophotometric  measurements  were 
made  is  given  in  Table  3.  i 


Table  3. — Composition  of  solution*  for  spectrophotometrie  measurements 


Designation  No. 

Moles  per  liter 

Cr»i 

Cr"l 

Free 

CrOi 

Yin 

Cr(S04),/, 

Cr(NO,), 

H.SO, 

!:SS 

1.086 
1086 

.264 

a  277 
.277 
.277 

0.254 
.254 
.264 

1.08A 

.254 

1PII   

nun  

0.01 
.10 

1PVI  

a  644 

1PV1I..  

1.086 

.264 

0.277 

0.066 

1.086 
.0226 
.618 
.266 

.264 
.00636 

a  277 

inn  

2PIV  

2PV.. ............... 

.00610 

.277 
.186 

132919-32  6 
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The  first  five  solutions  (and  the  corresponding  heated  ones)  were 
so  selected  that  the  following  salient  facts  could  be  determined: 
First,  the  absorbency  of  Cr^CrjCMs  as  such;  second,  the  apparent 
absorbency  of  Cr1";  third,  the  possible  existence  of  the  "green" 


IKO 


IOuDO 


S-00 


in 

•IPIH 

WAVELENGTH  III  MILLIMICRONS  ™ 

Fiourb  1. — Effect  of  sulphuric  acid  on  absorbency  of  solutions  containing  free 
acid  {0.254  M)  and  chromium  dichromate  (0.139  M) 


Sulphuric 
acid 

M 

1PI  

0 

1PII  

.01 

inn  

.10 

form  of  chromium  dichromate;  fourth,  the  state  of  the  sulphate  in 
cold  solutions;  and  fifth,  the  state  of  the  sulphate  in  heated  solutions. 
The  data  are  reported  in  Table  4  and  are  plotted  in  Figures  1,  2, 
and  3. 
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Figure  3. — Efftct  of  trivalenl  ions  on  abeorbency  of  chromic  acid 
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CrO» 

Addition 

M 

1.086 
.254 

.254 
.254 

1PV  

1PII.  

0.277 
.277 

Table  4  —  Absorbency  per  centimeter  at  t6°  C.  of  chromic  acid  solutions  containing 

tHvalent  chromium 


*  In  in*i 

in 

11*11 

1PIII 

IPIB 

1PIIB 

1P1LIB 

1PIV 

1PV 

14.0 
8.34 
4.  42 

113 
.88 

.43 

21.0 
10  4 
4.84 

2. 15 

:S 

.16 
.10 

.04 

I9.fi 
13.3 

9.  HI 
8.24 

7.57 
7.  10 
6.80 

8  40 

2D.  0 
13.6 

in.  3 

19.6 
12.6 

9. 87 

19.  0 
13.  1 

9.79 
8.  18 
7.50 
7.08 
ft.  70 

6.33 
5.78 
5.  12 
4  47 
3.63 

2.90 
I  X3 
1.71 

19.0 
13.  1 

9.67 
8.07 
7.38 
6.95 
6.60 

6.  22 
\  62 
6.02 
4.32 

a.  55 

2.79 
2.26 
1.72 
1.51 

.62 

18.9 
12.6 

9.  30 
7.83 
7. 13 
6.78 
6.48 

6.  13 
5.  58 
5.00 
4.33 
3.55 

2.  79 
2.28 
1.79 
1.56 
.59 

40  

5<0   

00  

70   

7.  S3 

7.  45 

.11 

90  

6.97 

6.  78 

GOO-  —  -  -.  —   — 

.03 

10   

5.  78 

5.97  i        5.  HO 

20  

r>.  ai 
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In  Figures  1  and  2  it  will  be  noted  that  there  are  only  small  dif- 
ferences due  to  the  sulphate;  this  point  will  be  discussed  in  a  later 
section.  No  significant  difference  was  found  on  heating  the  solutions 
such  as  would  indicate  the  formation  of  a  green  form  of  the  dichro- 
mate.  The  process  would  result  in  an  increased  absorption  in  the  red 
by  the  heated  solutions. 

The  absorbency  of  chromium  dichromate  was  found  to  be  an 
unsatisfactory  mode  of  approach.  If  chromium  dichromate  were  a 
simple  violet  salt,  subtraction  of  curve  1PIV  from  1PI  (which  differs 
from  1PIV  by  0.277  Af  Cr1")  should  give  values  approximately  one- 
half  of  those  of  1PVI  (0.554  M  Cr(NO,),).  However,  it  will  be  seen 
in  Figure  4  that  this  is  far  from  being  true.  This  discrepancy  is  made 
even  worse  by  correcting  for  the  difference  in  hydrogen  ion  concentra- 
tion, which  would  change  the  concentration  of  Cr3Oi0~~.  Bjerrum  (3) 
has  shown  that  the  absorbency  of  the  violet  chromic  ion  is  practically 
independent  of  the  concentration  and  of  the  charge  and  size  of  the 
anion  (Cl~,  N03",  and  S04"~).  This  is  to  be  interpreted  as  indicating 
that  the  water  "molecules  "  of  the  molecular  ion,  Cr(H20)e"H"+,  protect 
the  optical  electrons  from  excessive  coupling  with  external  fields. 
Therefore,  the  above  discrepancy  can  not  be  explained  on  the  basis  of 
a  simple  deformation  of  the  chromic  ion. 

Hantszch  and  Garrett  (5)  have  shown  that  the  absorbency  of  the 
chromato  ion  is  greatly  affected  by  the  size  and  charge  of  the  cation. 
Data  on  the  dichromates  of  the  alkali  metals  indicate  slight  deforma- 
tion, but  this  possiblity  can  not  be  ignored  when  salts  of  high  valence 
types  are  involved.  To  obtain  the  desired  information  regarding 
deformation  of  the  dichromate  ion,  the  absorbencies  of  solutions 
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2PII  and  1PVII  were  measured.  In  each  there  is  exactly  the  same 
content  of  hexavalent  chromium  as  in  1PIV,  but  2PII  contains 
aluminum  and  1PVII  yttrium,  each  in  a  concentration  equivalent  to 
that  of  trivalent  chromium  in  1PI.  The  data  are  reported  in  Table  5, 
and  are  plotted  in  Figure  3.  Table  5  also  includes  solutions  that  will 
be  discussed  later  in  this  paper. 


WAVE  LENGTH  IM  MILLIMICRONS 

Figure  4. — Absorbencies  of  various  chromium  solution* 

Table  5. — Absorbency  per  centimeter  of  various  chromium  solutions  at  £6°C. 
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It  is  well  known  that  in  ionic  systems  deformation  effects  can  be 
related  to  the  size  and  charge  of  the  "companionate"  ions.  Only 
relative  sizes  of  the  bare  (not  hydrated)  ions  are  involved.  The 
available  data  indicate  that  no  simple  analysis  is  possible,  but  it  is 
legitimate  to  employ  the  conception  for  interpolative  purposes. 
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Crystal  structure  data  (28)  indicate  that  the  radii  of  the  trivalent 
ions  of  AI,  Cr,  and  Y  are,  respectively,  0.55,  0.70,  and  0.90  A°.  So, 
from  a  knowledge  of  the  deformation  produced  by  aluminum  and 
yttrium,  we  can  estimate  that  to  be  expected  from  chromium.  The 
data  plotted  in  Figure  3  show  that  the  deformation  is,  as  demanded 
by  the  above  discrepancy,  greater  with  the  increasing  charge  (H+ 
(1PIV)  to  A1~HH")  and  for  trivalent  ions  increases  with  increasing 
radius.  The  deformation  caused  by  Cr111,  may  be  assumed  to  be 
intermediate  between  those  of  Al  and  Y  (tbat  is,  between  the  curves 
1PI  to  2PII  and  1PI  to  lPVI).  Evidently  this  deformation  by 
Cr111  is  insufficient  to  account  for  the  difference  in  question;  that  is, 
between  1PI  and  one-half  1PVII.  Some  other  mode  of  interaction 
than  the  ionic  is  evidently  effective;  that  is,  the  molecular.  This  is 
not  unusual  with  chromic  compounds  (29). 

It  appears  probable,  therefore,  that  chromium  dichromate  exists 
as  a  Werner  coordination  complex.  Its  exact  nature  was  not  investi- 
gated, but  the  character  of  the  absorption  bands  indicate  that  it  is 
[(H20)2Cr(Cr207)2]-  or  [Cr(Cr207)s] — .  The  possibility  of  a  true 
undissociated  molecule  is  not  excluded. 

The  cryoscopic  and  conductivity  data  indicated  that  this,  unlike 
most  coordination  complexes,  is  highly  dissociated.  If  so,  it  should 
not  obey  Beer's  law.  It  is  evident  from  Figure  4  that  2PIII  (a  forty- 
fold  dilution  of  1PI  examined  through  a  40  mm  cell)  shows  a  large 
decrease  in  absorbency.  On  formally  subtracting  1PIV  from  2PIII 
it  will  be  noted  that  the  values  at  the  shorter  wave  lengths  fall  below 
those  of  the  simple  chromic  ion.  This  correction  is  known  to  be  too 
large,  and  with  further  dilution  the  curve  would,  no  doubt,  coincide 
at  the  longer  wave  lengths  with  that  for  the  simple  chromic  ion. 

The  absorption  spectra  show  conclusively  that  chromium  dichro- 
mate is  not  a  colloid,  as  this  would  have  a  strong  absorbency  in  the 
red  and  would  obey  Beer's  law  strictly  (34).  All  experiments  were 
consistent  with  the  interpretation  made,  and  inconsistent  with  any 
other  that  was  entertained.  No  variations  in  absorbency  occurred 
on  standing  for  long  periods. 

3.  HIGHLY  REDUCED  SOLUTIONS 

Ollard  (22)  reported  that  by  treating  chromic  acid  solutions  with 
concentrated  hydrogen  peroxide,  a  reduction  up  to  50  per  cent 
(Cr(OH)Cr04)  could  be  effected,  but  that  beyond  that  point  a  pre- 
cipitate of  Cr(OH),Cr(OH)Cr04,  (9)  (14)  (67  per  cent  reduction)  was 
produced.  In  our  experiments  it  was  found  that  a  reduction  as  high 
as  60  per  cent  could  be  thus  effected  without  immediate  precipitation. 
On  standing  one  or  more  days  the  above  precipitate  appeared  in 
which  the  ratio  of  the  trivalent  to  hexavalent  chromium  was  2  to  1 
and  the  filtrate  corresponded  to  about  37  per  cent  reduction.  The 
precipitation  occurred  with  all  solutions  more  highly  reduced  than 
37  per  cent.  The  rate  of  precipitation  varied  directly  as  the  degree 
of  reduction;  it  was  accelerated  by  heating.  These  observations 
indicate  that  the  system  is  a  mixture  of  a  sol,  whose  dispersoid  is 
Cr(OH)3Cr(OH)Cr04,  and  a  true  solution  of  an  electrolyte,  chromium 
dichromate.  The  reason  that  solutions  with  37  per  cent  reduction 
arc  stable  is  that  then  the  hydrogen  ion  concentration  is  so  high  that 
the  particles  of  the  basic  sol  become  sufficiently  electropositive  to 
remain  in  suspension.   This  hypothesis  was  confirmed  by  precipitat- 
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ing  the  basic  chromate  out  of  partially  reduced  solutions  (42  per  cent) 
with  sodium  sulphate. 

Liebreich  (9)  and  Muller  (14)  prepared  colloidal  solutions  of  the 
basic  chromate  by  digesting  the  precipitate  with  water  for  a  long 
time.  The  method  employed  in  the  present  research  was  to  take  an 
unstable,  highly  reduced  solution  and  dilute  it  strongly.  Sols  prepared 
in  this  manner  exhibited  a  strong  Tyndall  beam  and  a  dichroic 
appearance.  They  were  quite  murky  and  hence  had  fairly  large 
particles,  though  none  were  visible  with  the  ultramicroscope.  As 
previously  noted  this  instrument  is  not  well  adapted  for  these  solutions. 
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Figure  5. — Abaorbencies  of  solutions  with  equal  contents  of  trivalent  chromium 
and  decreasing  contents  of  hexavalent  chromium 

The  absorbency  data  for  the  highly  reduced  solutions,  2PIV  and 
2PV  (prepared  in  the  cold),  are  recorded  in  Table  6  and  shown  in 
Figure  5. 

Table  6. — Absorbency  per  centimeter  of  highly  reduced  solutions 
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The  data  in  the  last  column  have  been  recalculated  to  correspond 
to  the  same  concentration  of  trivalent  chromium  as  the  other  two. 
It  will  be  noted  that  an  increase  in  reduction  causes  an  increased 
absorption  over  the  entire  range.  The  increase  at  the  shorter  wave 
length  is  probably  caused  in  part  by  the  deformation  of  the  chromate 
radical.  The  increase  in  absorption  in  the  red  could  be  caused  either 
by  a  complex  (green)  electrolyte,  or  a  colloid,  or  both. 

An  effort  to  settle  the  question  by  freezing  point  measurements 
was  only  partially  successful  in  that  the  data  could  be  interpreted 
equally  well  in  terms  of  a  weak  electrolyte  or  a  mixture  of  a  strong 
electrolyte  and  a  colloid.  Like  the  other  solutions,  these  also  coagu- 
late, indicating  that  the  latter  interpretation  is  the  correct  one. 

Electrometric  methods  of  titration  have  a  greater  range  of  applic- 
ability than  the  conductimetric.  Solutions  with  a  constant  content 
of  CrVl  (0.184  M)  and  a  variable  content  of  CrUI  were  prepared  and 
their  pH  values  were  determined  with  a  modified  glass  electrode.  In 
effect,  therefore,  chromic  acid  was  titrated  with  chromium  hydroxide. 
The  results  are  given  in  Table  7. 


Table  7. — pH  of  chromic  acid  (0.184  M)  with  additions  of  trivalent  chromium 


Cr'«  M  

0.000 

0.038 

0.068 

0.001 

0.006 

0.079 

0.118 

a  123 

0.125 
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0. 133 

a  137 

PH.-  

1.08 

1.20 

1.26 

1.31 

1.32 

1.47 

2.22 

2.30 

2.42 

2.64 

2.66 

2.  82 

A  plot  of  these  data  does  not  indicate  a  sharp  break  of  any  kind. 
More  highly  reduced  solutions  (corresponding  to  60  per  cent  reduc- 
tion) had  a  pH  of  about  3.5.  According  to  the  above  interpretation 
of  the  structure  of  this  svstem,  we  may  have  large  amounts  of  the 
basic  colloid  at  a  pH  as  low  as  3.  This  point  is  important  for  the 
theory  of  chromium  deposition. 

4.  STATE  OF  THE  SULPHATE 

The  above  recorded  cryoscopic  and  spectrophotometric  measure- 
ments included  some  data  on  solutions  containing  chromic  acid, 
chromium  dichromate,  and  sulphuric  acid.  As  noted  before,  the 
cryoscopic  measurements  indicated  that  there  was  no  difference  in 
the  state  of  the  sulphate  in  the  heated  and  unheated  solution.  This 
behavior  would  be  impossible  with  the  violet  chromic  sulphate,  so 
the  green  salt  must  be  present. 

The  spectrophotometric  measurements  confirm  this  conclusion.  It 
will  be  noted  in  Figures  1  and  2  that  the  absorbencies  of  the  solu- 
tions with  the  largest  content  of  sulphate  are  lower  at  the  shorter, 
and  (usually)  higher  at  the  longer,  wave  lengths  than  those  with  no 
sulphate,  whether  the  solutions  are  heated  or  not.  This  is  to  be 
expected  if  green  chromic  sulphate  replaces  some  chromium  dichro- 
mate. The  difference  can  be  calculated  8  from  the  data  on  1PI  and 
2 PI,  which  latter  is  a  solution  of  green  chromic  sulphate  that  was 

*  As  this  is  rather  Involved,  a  sample  calculation,  that  at  540^  is  given.  According  to  Table  l  the  ebeorb- 
enre  per  centimeter  of  the  chromium  dichromate  in  1PI  is  13.30-0.88-12.4.  1PIII  contains  In  addition 
0.1  M  of  sulphate.  If  the  complex  Is  [CnO(SO«)4(HjO).J**t  then  according  to  Tables  3  and  6  the  expected 

3 

absorbency  of  the  green  chromic  sulphate  will  be  0.V7X  2  al.6; 

There  will  be  a  loss  in  absorbency  corresponding  to  ^X12.4a4.1.  So  the  change  in  absorbency  will  be 
4.1-1.3-1.3-1.3.  The  minus  1.3  denotes  the  increase  due  to  the  formation  of  free  chromic  acid. 
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heated  for  one  hour  at  100°  C.  The  effects,  though  small,  are  quite 
definite  and  beyond  experimental  error;  the  interpretation  explains 
why  only  a  small  change  is  found.    The  results  are  given  in  Table  8. 


Table  8. — Change  in  absorbency  produced  by  addition  of  sulphate  to  solutions  con- 
taining Oyi  and  Cr»x 


540 

570 

580 

590 

620 

650 

700 

1.3 
.98 
.00 

0.37 
.40' 

0.06 

-0.5! 

-0.40 
-.23 
.04 
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'  A,  is  the  calculated  change  in  absorbency,  At  Is  that  found  for  the  unhealed  series,  and  A/a  that  for  the 


The  $reen  complexes  of  chromic  sulphate  possess  very  remarkable 
properties.  Some  are  true  colloids,  but  most  of  them  are  electrolytes. 
The  colloidal  form  is  obtained  only  with  drastic  treatment.  Part  of 
the  sulphate  in  the  ordinary  jjreen  forms  is  combined  with  the  triva- 
lent  chromium  to  form  a  positive  molecular  ion  [Cr40(S04)4(H20)„]'H". 
In  the  green  chloride  we  have  lCrCl(H20)6]^  and  [CrCl2(H20)4]+ 
These  complexes  are  remarkable  in  that  apparently  there  is  absolutely 
no  dissociation  of  the  coordinated  groups.  Electron  pair  bonds  are 
undoubtedly  effective  (29).  These  positive  molecular  ions  furnish 
an  ideal  means  of  conveying  the  sulphate  radical  into  the  cathode 
film. 

The  pH  of  pure  violet  chromic  sulphate  solutions  is  about  2.  It 
was  noted  previously  that  the  maximum  pH  found  in  solutions  con- 
taining colloidal  basic  chromium  chromate  was  3.5.  These  data 
indicate  that,  barring  complex  formation  (which,  however,  is  not 
favored  at  a  intermediate  pH  like  3),  free  sulphate  ions  can  exist  in 
these  colloidal  solutions.  This  point  is  also  important  for  the  theory 
of  chromium  deposition. 

In  pure  solutions  the  violet  form  is  the  more  stable  at  room  tem- 
perature and  below;  the  green  is  more  stable  above  room  temperature. 
The  rate  of  conversion  of  the  green  into  the  violet  is  low,  especially 
in  the  presence  of  acid,  which  acts  as  a  negative  catalyst  and  may  even 
shift  the  quasiequilibrium.  Such  a  shift  is  recorded  in  this  paper 
for  the  sulphate  in  chromic  acid  solutions;  a  similar  case  has  been 
worked  out  by  Bjerrum  (2)  for  violet  chromic  chloride  in  hydro- 
chloric acid  solutions.  The  fairly  high  temperatures  employed  in 
chromium  deposition  probably  assist  in  this  shift  of  equilibrium. 

5.  CONCLUSIONS 

1.  Chromium  dichromate  is  a  strong  electrolyte  and  forms  true 
molecular  ions. 

2.  The  "green"  form  of  chromium  dichromate  does  not  exist  in 
the  solutions  investigated. 

3.  More  highly  reduced  solutions  than  the  dichromate  contain,  in 
addition  to  that  compound,  a  sol  of  the  basic  chromium  chromate 
Cr(OH),Cr(OH)Cr04. 

4.  In  partially  reduced  solutions  with  an  excess  of  chromic  acid, 
the  sulphate  exists  principally  as  the  green  chromic  sulphate. 


366  Bureau  of  Standards  Journal  of  Research  w 


IV.  THE  THEORY  OF  CHROMIUM  DEPOSITION 
1.  SURVEY  OF  THEORIES 

The  principal  theories  of  chromium  deposition  that  have  been 
advanced  will  be  briefly  considered,  including  that  proposed  by  the 
author  in  this  investigation. 

1.  Sargent  (6)  recognized  a  number  of  features  that  are  extremely 
important;  that  the  cathode  film  is  only  slightly  acid  at  high  current 
densities,  that  reduction  of  chromic  acid  at  high  current  densities 
must  occur  through  the  medium  of  the  chromic-chromous  couple 
(see  p.  369),  that  sulphate  is  necessary  for  metal  deposition,  and  that 
pure  chromic  acid  can  be  reduced  at  low  but  not  at  high  current 
densities.  The  latter  feature  he  attributed  to  a  colloidal  layer  which 
he  designated  as  nonpermeable,  though  he  tacitly  assumed  it  to  be 
permeable  to  hydrogen  ions.  The  mechanism  of  the  action  of  the 
sulphate  was  not  clearly  set  forth. 

2.  Liebreich  (9)  (10)  measured  polarization  curves  by  means  of 
which  he  endeavored  to  show  the  successive  stages  through  which 
chromic  acid  must  pass  before  being  reduced  to  the  metallic  state. 
The  existence  of  this  "step-wise"  reduction  is  the  principal  feature 
of  Liebreich's  theory.  The  action  of  the  sulphate  was  not  explained. 
He  demonstrated  that  the  cathode  film  is  less  acid  than  the  solution, 
and  that  in  it  there  probably  is  an  electropositive  colloid,  Cr(OH)a- 
Cr(OH)Cr04. 

3.  Fink  (11)  advanced  a  theory  in  which  the  sulphate  is  designated 
as  a  catalyst,  but  he  gave  no  clear  conception  of  its  action.  He 
assumed  that  the  hydrogen  that  is  always  evolved  in  chromium  deposi- 
tion protects  the  metal  from  oxidation. 

4.  E.  Mtiller  (14)  recognized  that  pure  chromic  acid  is  not  reducible 
at  high  current  densities.  He  attributed  this  fact  to  the  formation  of 
a  colloidal  layer  in  the  slightly  acid  cathode  film  as  a  result  of  the 
migration  of  an  electropositive  sol.  The  idea  that  the  cathode  layer 
is  permeable  to  hydrogen  ions  was  expressly  set  forth.  His  first 
explanation  of  the  action  of  the  sulphate  was  that  it  precipitated  and 
destroyed  the  cathode  layer,  and  thus  made  possible  the  reduction  of 
chromic  acid.  Later  (20),  (21),  (24),  and  (33)  he  abandoned  this 
interpretation  in  favor  of  ono  which  states  that  the  bisulphate  ion, 
HS04~,  can,  on  account  of  its  relatively  small  size,  pass  through  inter- 
stices in  the  colloidal  layer,  thus  permitting  the  existence  of  a  higher 
hydrogen  ion  concentration  in  the  cathode  film.  This  condition  is 
less  favorable  for  the  formation  of  the  basic  colloid.  It  is  important 
to  note  that  he  found  it  necessary  to  assume  that  the  bisulphate  ion 
is  effective  at  a  pH  of  3  or  4,  and  that  its  attraction  toward  the  cathode 
is  secondary.  Mtiller  demonstrated  that  the  basic  dispersoid, 
Cr(OH)3Cr(OII)Cr04,  is  electropositive.  This  theory  is  somewhat 
similar  to  that  developed  in  this  paper. 

5.  Haring  (13),  (17),  and  later  Piersol  (27)  suggested  that  the  action 
of  the  sulphate  is  in  accordance  with  the  following  equation: 

Cr2(Cr207)3  +  3H2S04-»Cr2(S04)3  +  3H2Cr207 
(colloid)     (strong     (strong  (strong 
electro-     electro-  electro- 
lyte)       lyte)  lyte) 
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Chromium  dichromate  is  not  a  colloid,  and  a  pure  metathesis  (like  the 
one  represented)  between  a  slightly  soluble  (or  ionizable)  salt  and  a 
strong  electrolyte  to  produce  two  strong  electrolytes  in  dilute  solution 
is  thermodynamicallv  impossible. 

6.  Ollard's  (22)  theory  denies  that  chromic  acid  can  be  reduced 
directly,  and  states  that  all  reduction  must  proceed  through  the 
medium  of  the  chromic-chromous  couple.  The  action  of  the  sulphate 
was  explained  by  a  reaction  similar  to  that  proposed  by  Haring  and 
Piersol  except  that  chromium  dichromate  was  considered  to  be  a  very 
weak  electrolyte. 

7.  In  this  research  a  theory  of  chromium  deposition  has  been  devel- 
oped, which  involves  some  features  that  have  been  expressed  in  pre- 
vious theories,  but  that  have  been  modified  in  the  light  of  additional 
information  and  of  a  different  viewpoint. 

Deposition  of  bright  chromium  depends  upon  maintaining  in  the 
cathode  film  a  definite  hydrogen  ion  concentration.  This  must  be 
sufficiently  low  to  permit  metal  deposition  and  yet  sufficiently  high 
to  prevent  hydrolysis  and  thus  yield  oxide-free  deposits. 

At  low  current  densities  direct  reduction  of  hexavalent  to  trivalent 
chromium  undoubtedly  occurs.  At  high  current  densities,  which 
require  cathode  potentials  sufficient  to  liberate  hydrogen  gas,  the 
conditions  are  vastly  different.  On  account  of  the  tremendous  migra-  . 
tion  velocity  of  the  hydrogen  ion  in  the  cathode  film,  the  latter 
becomes  relatively  alkaline.  If  the  hydrogen  ion  concentration  drops 
to  10~3,  a  basic  electropositive  dispersoid  of  Cr(OH)8'Cr(OH)Cr04 
exists.  In  the  absence  of  the  sulphate  the  dispersoid  migrates  toward 
the  cathode  and  covers  it  with  a  colloidal  layer  which  prevents  reduc- 
tion of  everything  except  hydrogen  ion,  to  which  it  is  permeable. 

The  action  of  the  sulphate  is  to  decrease  the  electrophoretic  velocity 
of  the  colloid  by  adsorption;  which  causes  a  reduction  of  the  positive 
charge  and  prevents  the  formation  of  a  dense,  adherent  colloidal  layer. 
Other  ions  can  then  reach  the  cathode  and  be  reduced.  It  is  improb- 
able, on  account  of  the  repulsive  action  of  the  cathode  toward  negative 
ions,  that  the  simple  sulphate  ion  can  approach  the  cathode  sufficiently 
close  to  be  very  effective.  Some  other  means  must  be  found  for 
bringing  it  to  the  cathode. 

It  is  well  known  that  ordinary  green  chromic  sulphate  forms  non- 
dissociable,  positive  molecular  ions  like  [Cr40(S04)/(H20)n]"H".  This 
ion  can,  on  account  of  its  nonreactiveness,  convey  the  sulphate  to  the 
cathode  surface,  and  when  the  complex  ion  is  discharged  and  reduced, 
the  sulphate  is  set  free  to  wander  toward  the  anode.  Before  leaving 
the  vicinity  of  the  cathode,  it  may  be  adsorbed  by  the  positive  dis- 
persoid and  may  thus  limit  the  formation  of  the  colloidal  layer. 
While  reduction  at  high  current  densities  is  made  possible  by  the 
presence  of  sulphate,  the  actual  reduction  occurs  mainly  through  the 
chromic-chromous  couple. 

2.  POSSIBLE  REDUCTION  PROCESSES 

It  will  be  profitable  to  examine  the  principal  reactions  in  terms  of 
their  standard  electrode  potentials  (4).  It  will  be  seen  that  the 
conditions  that  are  required  for  chromium  deposition  are  those  that 
inhibit  certain  undesirable  reactions. 


368  Bureau  oj  Standards  Journal  of  Research  [vu. » 

Table  9. — Standard  potentials  of  possible  reactions  in  chromium  deposition 


No. 


Standard 


1.. 

a.. 

3.. 

4.. 

8.. 
0.. 
7- 


1/2  CnOr— +7H*  -fM-CrHi  +7/2  H,C). 
1/2  Cr,Or-+7H*  +4e- Cr~  +7/2  H,0_ 

1/2  CnOf-+7H*  +«fi-Cr+7/2  HiO  

H*  +  *-l/2Hi_  

Cr**»  +  *-Cr^_  

Cr+*  +2#-Cr.._  

Cr*~  +36-Cr._  


1.S 

.« 

.4 

.0 
-.4 


e  denotes  an  electron. 

According  to  reaction  3,  it  should  be  theoretically  possible  to  arrange 
a  cell  having  a  chromium-coated  metal  as  cathode  and  a  hydrogen 
electrode  as  anode,  and  deposit  chromium  without  the  use  of  external 
electrical  energy.  In  fact,  there  would  be  a  gain  of  electrical  energy 
that  could  be  employed  to  generate  some  of  the  hydrogen  used.  The 
reason  that  this  is  impracticable  is  because  reaction  1  is  the  more 
probable  under  any  condition  that  is  favorable  for  reaction  3.  If 
instead  of  chromic  acid  a  chromic  salt  were  employed  electrical 
energy  would  be  required  in  order  to  effect  chromium  deposition. 

3.  REACTIONS  IN  THE  CATHODE  FILM 

During  deposition  at  appreciable  current  densities  the  solution 
close  to  the  cathode,  the  cathode  film,  may  differ  greatly  in  composi- 
tion from  the  body  of  the  solution.  However,  a  steady  state  is  set  up 
between  the  factors  causing  depletion  and  restoration  of  the  various 
species  in  the  film.  The  former  include,  first,  the  rates  of  discharge 
of  the  various  ions  present,  and,  second,  the  forces  that  exist  between 
the  ions  and  the  cathode.  The  restorative  factors  include,  first, 
migration  of  the  ions  toward  the  cathode,  second,  diffusion  processes 
and,  third,  convection  currents.  The  electrical  forces  very  close  to 
the  cathode  are  relatively  large  and  hence  there  is  a  large  concentra- 
tion gradient  in  the  cathode  film.  The  processes  that  actually  occur 
at  the  cathode  under  specified  conditions  depend  upon  the  composition 
and  structure  of  the  cathode  film. 

There  are  three  imperative  reasons  why  the  cathode  film  must 
possess  an  intermediate  pH  (3  or  4)  before  deposition  of  metallic 
chromium  can  occur.  First,  the  difference  in  free  energy  between 
the  standard  chromium-chromic  ion  potential  and  the  standard 
hydrogen-hydrogen  ion  potential  is  0.5  volt  faraday  per  equivalent. 
This  demands,  first,  that  the  hydrogen  ion  concentration  be  low  for 
chromium  to  be  deposited,  although  the  permissible  hydrogen  ion 
concentration  will  be  conditioned  by  the  hydrogen  overvoltage. 
Second,  it  must  not  be  too  low  because  the  chromic  ion  is  easily 
hydrolyzed  and,  if  the  film  becomes  too  basic,  oxides  or  basic  com- 
pounds will  be  deposited.  Third,  in  the  reduction  of  chromic  acid 
large  amounts  of  oxygen  are  converted  to  oxygen  ions  or  hydroxyl 
ions,  which  must  be  neutralized  by  hydrogen  ions  to  prevent  the 
formation  of  oxides  and  hydroxides. 

If  pure  chromic  acid  is  electrolyzed  at  such  low  current  densities 
that  the  cathode  potential  is  not  sufficient  to  cause  hydrogen  evolu- 
tion, the  cathode  film  will  have  a  higher  hydrogen  ion  concentration 
than  the  solution.    Under  these  conditions  true  undissociated  mole- 
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cules  of  chromic  acid  can  exist  close  to  the  cathode  and  may  be  reduced 
directly  by  the  electrons  to  the  trivalent  state.  The  formation  of 
metallic  chromium  is  possible  but  improbable  with  the  acidic  condi- 
tions obtaining. 

If  the  cathode  potential  and  current  density  are  raised  so  that 
hydrogen  is  discharged  the  conditions  are  vastly  different.  The 
hydrogen  ion  concentration  in  the  cathode  film  tends  to  drop  very 
rapidly  on  account  of  the  tremendous  migration  velocity  of  the 
hydrogen  ion  within  the  film.  The  decrease  in  hydrogen  ion  con- 
centration is  favorable  to  the  deposition  of  chromium,  especially  as 
large  amounts  of  trivalent  chromium  must  have  been  formed  before 
this  condition  could  arise.  Reactions,  1,  2,  and  3  show  that  the 
direct  reduction  of  chromic  acid  will  be  tremendously  affected  by  a 
variation  in  the  hydrogen  ion  concentration.  This  leads  to  the  con- 
clusion that  with  increasing  current  density  the  chromic-chromoiis 
couple  becomes  the  dominant  process  in  effecting  the  reduction  of 
chromic  acid.  This  couple  consists  of  having  chromic  ion  reduced 
at  the  cathode  to  the  chromous  ion,  which  on  escaping  into  the  body 
of  the  solution  reduces  chromic  acid  to  trivalent  chromium.  There 
is  no  justification  for  the  suggestion  that  cathodic  reduction  is  effected 
by  atomic  hydrogen.  Such  a  process  is  in  direct  conflict  with 
thermodynamic  principles. 

It  has  been  shown  above  that  when  this  system  attains  a  hydrogen 
ion  concentration  of  10~8,  a  sol  of  the  basic  chromium  chromate, 
Cr(OH)fCr(OH)Cr04,  exists.  This  sol  and  any  other  form  of  the 
colloid  are  probably  permeable  to  hydrogen  ions,  in  view  of  the  fact 
that  in  migration  and  diffusion  the  radius  of  the  bare  hydrogen  ion  is 
effective  and  not  that  of  the  hydrated  or  hydronium  ion.  The  chain 
theory  (30)  of  the  abnormally  high  migration  velocity  of  the  hydrogen 
ion  indicates  that  although  the  colloid  may  permit  hydrogen  ions  to 
pass  through,  it  will  hamper  their  motion.  By  this  action  the  portions 
closer  to  the  cathode  will  possess  a  still  lower  hydrogen  ion 
concentration. 

The  amount  of  the  colloid  formed  and  the  particle  size  will  vary 
inversely,  whereas  the  electrophoretic  velocity  will  vary  directly  as 
the  hydrogen  ion  concentration.  The  Brownian  movement  of  the 
dispersoid  of  the  sol,  and  hence  the  permeability  of  the  sol,  is  greatest 
at  the  highest  hydrogen  ion  concentration  consistent  with  its  existence. 
However,  the  high  electrophoretic  velocity  under  these  conditions 
favors  the  formation  of  the  colloidal  layer,  which  would  tend  to  exclude 
all  ions  but  hydrogen  and  thus  prevent  reduction.  As  shown  else- 
where in  this  paper  the  amount  of  colloid  varies  very  rapidly  with  . 
the  hydrogen  ion  concentration,  whereas  the  electrophoretic  velocity 
does  not  vary  in  the  range  probably  involved.  No  change  in  con- 
ditions is  to  be  expected  by  varying  the  hydrogen  ion  concentration 
in  the  cathode  film  by  means  of  the  current  density.  It  appears 
from  this  analysis  that  the  formation  of  the  objectionable  colloidal 
layer  is  a  precipitative  effect  and  that  any  explanations  of  the  bene- 
ficial action  of  the  sulphate  on  the  basis  of  a  similar  effect  is  illogical. 

4.  ACTION  OF  NEGATIVE  IONS,  SUCH  AS  SULPHATE 

Muller's  first  theory  that  the  sulphate  coagulates  the  colloid  and 
thus  destroys  the  colloid  layer  is  untenable  because  the  resultant 
precipitate  would  probably  hinder  the  reduction  as  completely  as  the 


370 


Bureau  of  Standards  Journal  of  Research 


[Vct.1 


original  sol.  He  abandoned  this  view  in  favor  of  one  which  states 
that  the  particles  of  the  sol  tend  to  arrange  themselves  in  a  more  or 
less  regular  manner  on  the  surface  of  the  cathode.  In  consequence, 
there  will  be  spaces  with  a  certain  average  size  through  which  rela- 
tively small  negative  ions  may  pass.  This  condition  permits  the 
existence  of  a  higher  hydrogen  ion  concentration  at  the  cathode 
surface  and  is  less  favorable  to  the  formation  of  the  colloid. 

A  number  of  criticisms  have  been  leveled  against  the  conception 
of  colloids  and  colloidal  layers  in  chromium  deposition.  It  is  import- 
ant to  note  that  the  sol  is  only  a  part  of  the  cathode  film;  though  it 
may  under  certain  conditions  constitute  almost  exclusively  a  definite 
section  of  it;  that  is,  the  colloidal  layer.  The  colloidal  layer  and  the 
sol  are  stable  because  the  cathode  film  is  low  in  hydrogen  ions.  The 
supposed  difficulty  of  the  discharged  hydrogen  breaking  up  the 
colloidal  layer  and  destroying  the  film  structure  does  not  exist  because 
the  cathodic  processes  discussed  are  microscopic  and  not  macroscopic. 
The  rates  of  the  reactions  involved  are  undoubtedly  much  faster 
than  bubble  formation;  furthermore,  bubble  formation  would  not 
involve  the  destruction  of  the  film. 

If  electrophoretic  migration  is  important  in  determining  the  reduc- 
tion processes,  adsorption  is  also.  Since  the  sol  is  electropositive,  the 
adsorbable  ions  must  be  negative.  Theories  of  the  structure  of  the 
cathode  film  (31)  indicate  that  close  to  the  cathode  there  is  a  paucity 
of  negative  ions,  because  they  are  repelled  by  the  cathode.  This  is 
the  most  important  region,  hence  means  must  be  found  for  bringing 
negative  ions  into  this  forbidden  territory. 

The  question  naturally  arises  as  to  why  the  dichromate  ion,  Cr2Or  , 
is  ineffective  (chromate  ion,  Cr04 — ,  does  not  exist  at  a  pH  of  3  or  4). 
Being  a  negative  divalent  ion,  it  could  be  adsorbed  by  the  sol  and  thus 
alter  the  electrophoretic  velocity.  It  is  admitted  that  this  effect  does 
exist  in  the  outer  fringes  of  the  film,  but  apparently  not  close  to  the 


repulsive  barrier  and  be  adsorbed  by  the  electropositive  sol.  It  has 
been  demonstrated  above  that  chromium  dichromate  does  not  exist 
in  the  green  form  and  hence  does  not  form  positive  molecular  ions 
like  [Cr(Cr207)  (H20)4]+,  which  on  account  of  their  nonreactive  nature 
would  be  able  to  penetrate  the  film.  Even  if  it  were  so  conveyed,  the 
dichromate  would  be  reduced  at  the  cathode  and  hence  become  inef- 
fective. An  effective  addition  agent  must  be  nonreducible.  The 
nonexistence  of  the  "green"  form  of  the  dichromate  favors,  however, 
the  formation  of  oxide-free  deposits. 

'  The  action  with  the  sulphate  is  vastly  different.  In  consequence  of 
its  small  size  and  high  charge  it  will  be  readily  adsorbed  by  the  electro- 
positive sol.  It  readily  forms  green  complexes  with  tnvalent  chro- 
mium in  which  the  sulphate  is  in  an  extremely  nonreactive,  positive 
molecular  ion,  possibly  [Cr40(S04)4(H20),,l"H\  This  ion  is  capable  of 
passing  through  the  "forbidden"  territory  with  little  change.  On 
reaching  the  cathode  surface  the  ion  is  reduced  so  that  the  chromium 
is  no  longer  trivalent  and  the  sulphate  ion  is  set  free.  While  still  in  the 
cathode  film  it  may  either  first,  reform  the  green  complex  (which  is 
improbable  at  the  pH  prevailing);  second,  exist  in  the  free  state  (a 
possibility  already  demonstrated  in  this  paper) ;  or,  third,  it  may  be 
adsorbed  by  the  particles  of  the  sol.    This  latter  action  will  lower  the 


cathode  proper.    Only  high 
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electrophoretic  velocity,  and  render  the  formation  of  a  dense  collodial 
layer  improbable.  The  action  of  the  chloride  would  be  similar.  The 
positive  molecular  ions  that  would  then  be  effective  are  undoubtedly 
[CrCl(H20)6]++  and  [CrCl2(H20)4]+. 

Evidence  of  the  relative  adsorption  of  ions  by  basic  chromium 
chromate  was  obtained  in  migration  experiments  reported  in  Table  10. 
A  suspensoid  of  the  basic  chromate,  Cr(OH)8Cr(OH)Cr04,  was  pre- 
pared by  grinding  a  precipitate  in  a  colloid  mill  until  the  particles 
were  of  the  order  of  1  /*.  The  migration  apparatus  was  of  the  type 
used  by  Abramson  and  Freundhch  (16).  Electrode  effects  were 
rendered  negligible  by  having  nonpolarizable  electrodes.  The  electro- 
endosmose  effect  was  eliminated  in  the  manner  advocated  by  Smoluch- 
owski  (8).  Relative  values  only  are  reported,  as  absolute  measure- 
ments were  impracticable  with  the  apparatus  employed.  Either 
sodium  or  potassium  salts  were  used. 


Table  10. — Relative  ekctrophoretic  velocities  of  basic  chromate  in  the  presence  of 

added  ions  at  S5°  C. 


Concentration  In 
equivalent  iwr  inlxio-* 

SO  

TrO  — 

Cr,0  

NO,- 

HjPO,- 

01- 

OH- 

+0. 133 
+.12- 

-« o.  m 

+.120 

•1  0  182 

+  0.  133 

+0.  133 

+  0.  133 

+0.  170 

+0.  173 

'"'"+. "oso 

5 —   

R  

+.0R7 

+  .040 

+.050 

+  .  100 

+.  100 

-.067 
-.100 

16  

20  

+.095 
+  .076 

+.010 

-Am 

+  .MS 

+.m 

100  

150  

+  .073 
+  .050 

-.204 

+  .000 
-.<«H 

-.  127 

-.130 

+.09S 
•+.0S4 

+.  130 
+.  !->7 

+  .0TO 
+.077 

±.  000 

It  is  obvious  that  three  ions  are  outstanding  in  their  adsorption; 
namely,  the  sulphate,  chromate,  and  hydroxide.  The  effects  of  the 
latter  two  ions  are  undoubtedly  specific,  since  we  are  dealing  with  a 
basic  chromate.  At  a  pH  of  3  or  4  neither  chromate  nor  hydroxide 
ions  can  exist  in  significant  concentrations,  hence  they  are  unim- 
portant in  the  cathode  film.  The  dichromate  and  the  chloride  are 
adsorbed  to  about  the  same  extent,  but  only  the  chloride  is  an  effec- 
tive addition  agent.  This  difference  must  be  due  to  the  fact  that  the 
green  form  of  chromic  chloride  exists,  whereas  that  of  chromic  di- 
chromate does  not.  The  perchlorate  ion  is  much  less  adsorbed  than 
the  nitrate  or  phosphate. 

pH  measurements  with  the  glass  electrode  were  made  on  solutions 
with  hydroxide  additions.  It  was  established  that  the  isoelectric 
point  occurred  at  a  pH  of  about  6.  The  maximum  electropositive 
velocity  was  attained  at  a  pH  of  4.5  and  remained  constant  with  a 
further  decrease  in  pH.  The  maximum  electronegative  velocity  was 
attained  at  7  and  did  not  change  with  a  further  increase  in  pH. 
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5.  CONCLUSIONS 

(a)  The  processes  of  reduction  at  low  and  high  current  density  are 
different. 

(6)  Metal  deposition  from  the  chromic  acid  bath  depends  on 
maintaining  a  definite  pH  in  the  cathode  film. 

(c)  At  high  current  densities  pure  chromic  acid  can  not  be  reduced 
owing  to  the  formation  of  a  colloidal  layer. 

(d)  The  action  of  the  sulphate  is  to  lower  the  electrophoretic 
velocity  of  the  particles  of  the  sol  and  thus  render  the  formation  of  a 
dense  adherent  layer  improbable. 

(c)  The  sulphate  is  effective  because  it  is  a  negative  ion  that  is 
nonreducible  and  strongly  adsorbable,  and  that  forms  positive  molecu- 
lar ions  with  trivalent  chromium. 

V.  APPLICATIONS  OF  THE  PROPOSED  THEORY 

The  utility  of  the  proposed  theory  was  tested  by  explaining  the 
principal  known  facts  of  chromium  deposition,  and  by  making  pre- 
dictions that  were  verified  experimentally.  The  data  used  in  these 
considerations  were  derived  principally  from  the  curves  of  Haring 
and  Barrows  (17)  and  of  Farber  and  Blum  (25),  whose  experimental 
conditions  were  clearly  defined.  These  data  refer  chieny  to  the 
2.5  M  solutions  of  chromic  acid. 

1.  The  sulphate  ion  is  the  most  effective  addition  agent  tried. 
This  is  to  be  expected  in  view  of  the  fact  it  forms  positive  molecular 
ions  with  trivalent  chromium  and  that  it  is  highly  adsorbed  by  the 
basic  chromate. 

2.  The  effect  of  the  sulphate  is  independent  of  the  form  in  which 
it  is  added.  This  follows  from  the  theory  which  involves  only  the 
sulphate  ion  or  its  complex  with  trivalent  chromium. 

3.  A  low  concentration  of  sulphate  is  effective.  This  is  in  accord- 
ance with  adsorption  phenomena  and  with  the  migration  experiments 
recorded  in  this  paper. 

4.  The  curve  for  the  sulphate  concentration  versus  the  cathode 
efficiency  passes  through  a  maximum.  The  increase  in  the  cathode 
efficiency  up  to  the  maximum  represents  the  favorable  effect  of  the 
sulphate  in  preventing  the  formation  of  a  dense  colloidal  layer  on  the 
cathode.  Beyond  the  maximum  the  adsorption  is  so  great  as  to 
produce  excessively  large  colloidal  particles  with  a  sluggish  Brownian 
movement.  This  feature  decreases  the  permeability  and  hence  the 
efficiency.  At  the  isoelectric  point  a  colloidal  layer  is  formed  through 
precipitation.  The  deposits  produced  with  excess  sulphate  are  usu- 
ally nonadherent,  owing  probably  to  the  precipitated  colloid.  The 
beneficial  action  of  the  sulphate  occurs  on  the  positive  side  of  the  iso- 
electric point.7 

5.  At  higher  current  densities  the  curve  for  the  sulphate  concentra- 
tion versus  the  cathode  efficiency  becomes  flatter.  This  is  because 
at  the  higher  current  densities  more  colloid  is  formed  and  the  effect 
of  a  given  increase  in  sulphate  content  is  proportionally  less. 

6.  At  higher  temperatures  the  sulphate  content  is  less  critical,  as 
was  shown  by  Willink  (32).  This  is  because  the  sulphate  is  then 
not  so  strongly  adsorbed,  which  tends  to  make  the  curve  of  current 

'  Compw.  Prfllch  (15). 
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efficiency  versus  sulphate  concentration  broad  and  similar  to  that 
obtained  with  the  fluoride  at  lower  temperatures.  A  higher  concen- 
tration of  sulphate  is  probably  necessary  in  order  to  realize  the  maxi- 
mum efficiency. 

7.  The  curve  for  fluoride  concentration  versus  cathode  efficiency 
has  a  long  flat  maximum,  in  contrast  to  the  sharp  maximum  of  the  sul- 
phate curve.  The  adsorption  of  the  divalent  sulphate  ion  will  be 
much  greater  than  that  of  monovalent  ions,  such  as  fluoride  and  chlo- 
ride. No  electrophoretic  measurements  were  made  on  the  effect  of 
the  fluoride,  but  it  is  probably  similar  to  that  of  the  chloride.  On  this 
basis  the  difference  in  behavior  can  be  explained. 

8.  The  acetate  ion  is  ineffective.  Acetates  and  other  organic 
anions  do  not  form  green  chromic  complexes. 

9.  The  nitrate  ion  is  ineffective.  Carvath  and  Curry  (1)  reported 
that  it  produces  black  deposits  with  low  efficiencies.  The  nitrate 
does  not  form  green  complexes  under  the  conditions  that  obtain  in 
these  solutions  and  is  not  readily  adsorbed  by  the  sol. 

10.  According  to  Miiller  phosphates  are  completely  ineffective. 
While  the  dihydrogen  phosphate  ion  is  adsorbed  at  least  as  much  as 
the  nitrate,  chromium  phosphate  is  very  insoluble  at  the  pH  of  the 
cathode  film. 

11.  Perchlorate  is  ineffective  according  to  Muller's  polarization 
curves.  As  this  is  a  stable  radical  it  would  appear  ideal  according  to 
the  theories  of  Hanng,  Ollard,  and  Piersol.  However,  the  green 
form  of  chromium  perchlorate  does  not  exist,  and  the  perchlorate  ion 
is  only  slightly  adsorbed ;  hence,  according  to  the  theory  presented  in 
this  paper,  it  is  ineffective.  This  was  confirmed  by  numerous  experi- 
ments. In  all  cases  a  brown  powder  or  no  deposit  was  obtained  and 
the  metal  efficiencies  were  very  low  (compare  (33)).  The  solutions 
contained  2.5  M  CrO>  and  from  0.1  to  1  M  HC104,  the  current  densities 
ranged  from  10  to  50  amp. /dm2,  and  the  temperature  was  45°  C. 

12.  Pure  chromic  acid  can  be  reduced  to  trivalent  chromium  at  low 
but  not  at  high  current  densities.  This  is  because  at  low  current 
densities  the  chromium  compounds  have  access  to  the  cathode,  while 
at^high  current  densities  the  semipermeable  colloidal  layer  prevents 

13.  As  the  concentration  of  chromic  acid  is  increased,  the  cathode 
efficiency  is  decreased.  In  view  of  the  fact  that  the  chromic  ion  is  less 
readily  reduced  and  slower  than  the  hydrogen  ion,  the  hydrogen  ion 
concentration  in  the  cathode  film  will  be  the  most  sensitive  factor 
dependent  on  the  rate  of  supply.  With  a  greater  concentration  of 
acid  in  the  body  of  the  solution,  the  hydrogen  ion  concentration  in  the 
film  will  be  greater,  and  hence  the  efficiency  will  be  less. 

14.  The  cathode  efficiency  docs  not  change  greatly  if  the  acidity  is 
decreased  by  neutralizing  part  of  the  chromic  acid  with  alkali.  This 
conclusion  (Farber  and  Blum)  is  in  apparent  contradiction  with  No.  13. 
The  two  cases  are  not  strictly  comparable.  In  this  case  the  slower  and 
less  reducible  positive  ion  (sodium)  would  permit  a  larger  concentra- 
tion of  dichromate  ions  to  exist  in  the  cathode  film,  and  cause  an  even 
lower  hydrogen  ion  concentration  than  would  be  expected  on  the  basis 
of  lowering  the  free  acid.  Apparently  what  occurs  is  that  this  condi- 
tion favors  the  formation  of  excessive  amounts  of  the  colloid,  which 
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counteracts  the  increase  in  efficiency  due  to  lowering  the  hydrogen 
ion  concentration. 

15.  At  25°  C.  the  bright  plating  range  is  decreased  by  an  increase 
in  the  trivalent  chromium  content  (18).  This  behavior  is  readily 
explained  by  the  theory.  It  was  also  predicted  that  this  effect  could 
be  counteracted  by  an  addition  of  sulphate.  The  trivalent  chromium 
increases  the  cathode  efficiency,  but  also  increases  the  colloid  forma- 
tion at  the  cathode,  especially  at  high  current  densities.  By  adding 
sulphate  this  effect  should  be  eliminated.  This  was  confirmed  by 
experiments  with  2.5  M  CrOs  in  which  the  presence  of  about  N  triva- 
lent chromium  required  an  increase  of  sulphate  from  0.05  N  to  0.15  N 
to  widen  the  plating  range. 

16.  The  cathode  efficiency  increases  with  an  increase  in  current 
density.  This  is  because  at  the  higher  current  density  the  hydrogen 
evolution  is  greater  (absolutely  but  not  relatively)  and  hence  the 
cathode  film  becomes  less  acid,  and  a  higher  potential  is  required  for 
hydrogen  evolution,  which  factor  favors  a  higher  efficiency  for  the 
reduction  of  chromic  acid. 

17.  A  still  further  increase  in  current  density  produces  "burnt" 
deposits.  These  contain  oxides  derived  from  the  hydrolysis  of  the 
chromic  ion  when  the  hydrogen  ion  concentration  in  the  cathode  film 
is  too  low. 

18.  The  cathode  efficiency  decreases  with  an  increase  in  tempera- 
ture. The  hydrogen  overvoltage  decreases  with  increase  in  tempera- 
ture, and  hence  hydrogen  evolution  is  increased .  This  effect  partially 
results  from  the  more  rapid  convection  with  increasing  temperature, 
which  brings  a  larger  supply  of  chromic  acid  into  the  cathode  film  and 
increases  the  hydrogen  ion  concentration. 

19.  Although  many  of  the  factors  that  give  rise  to  the  widened 
plating  range  at  higher  temperatures  are  beyond  the  theory  presented, 
there  is  one  important  factor  that  can  be  accounted  for.  The  shift 
of  the  plating  range  at  higher  temperatures  to  higher  current  densities 
is  due  to  the  fact  that  then  a  higher  current  density  is  necessary  to 
yield  the  intermediate  hydrogen  ion  concentration  necessary  for 
chronium  deposition. 

20.  The  initial  cathode  efficiency  is  highest  on  metals  with  the 
highest  hydrogen  overvoltage.  This  feature  is  strictly  beyond  the 
theory,  but  is  consistent  with  it. 

A  number  of  other  features  of  the  process  have  been  analyzed  by 
means  of  the  theory  and  explained.  Only  those  that  are  regarded  as 
the  most  outstanding  have  been  reported. 
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PHYSICAL  PROPERTIES  AND  WEATHERING 
CHARACTERISTICS  OF  SLATE 

By  D.  W.  Kowler  and  W.  H.  Sligh 


ABSTRACT 

Testa  on  343  samples  of  slate  from  the  various  districts  gave  the  following 
average  values:  Modulus  of  rupture,  11,700  Ibs./in.1;  modulus  of  elasticity  in 
flexure,  13,500,000  lbs./in.1;  toughness,  0.192;  abrasive  hardness,  (H„)  *7.6; 
absorption,  0.27  per  cent  by  weight;  porosity,  0.88  per  cent;  bulk  density,  2.771; 
weight  per  cubic  foot,  172.9  pounds.  The  strength,  elasticity,  and  toughness 
values  given  above  were  obtained  on  oven-dried  specimens  tested  in  the  strongest 
grain  direction.  Strength  determinations  on  specimens  that  had  been  soaked  in 
water  for  several  days  showed  considerably  lower  values.  The  average  ratio  of 
the  modulus  of  rupture  of  soaked  specimens  to  that  of  dry  specimens  was  0.69. 

The  examination  of  a  considerable  number  of  slate  shingles  which  had  been  in 
service  for  periods  varying  from  12  to  130  years  indicated  that  slate  deteriorates 
mainly  from  a  combination  of  chemical  and  physical  causes.  Slates  containing 
both  pyrite  and  calcite  in  appreciable  amounts  are  subject  to  decay  due  to  the 
conversion  of  a  part  of  the  calcite  to  gypsum.  The  increase  in  molecular  volume 
causes  scaling  of  the  surface.  Slate  shingles  exposed  on  the  roof  decay  more 
rapidly  on  the  downward  surface,  which  is  probably  due  to  the  leaching  and  con- 
centration of  gypsum.  A  similar  type  of  decay  can  be  produced  by  alternately 
soaking  and  drying  the  slate.  The  slates  which  are  more  subject  to  this  type  of 
weathering  can  be  disintegrated  by  40  or  50  cycles  of  this  treatment. 

Frost  may  cause  deterioration,  but  the  rate  of  this  action  is  very  slow.  Aside 
from  chipping  off  the  scales  near  the  edges  already  loosened  in  the  trimming 
process,  frost  plays  a  very  minor  part  in  slate  weathering.  However,  the  freezing 
of  water  between  shingles  which  are  nailed  down  tightly  may  cause  breakage. 
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I.  INTRODUCTION 

This  paper  embraces  the  results  of  laboratory  studies  on  the  com- 
mercial slates  of  this  country  and  is  a  continuation  of  the  general 
investigation  relating  to  various  types  of  stone. 

The  samples  were  from  nine  different  States,  and  consist,  mainly, 
of  the  materials  now  found  on  the  market.  Fifty  samples  in  the  form 
of  large  blocks  and  a  large  number  in  the  form  of  shingles  were 
collected  especially  for  this  work.  Results  are  also  given  for  numerous 
samples  submitted  for  various  Government  buildings.  Studies  of 
slate  weathering  were  made  of  shingles  taken  from  buildings  represent- 
ing exposures  of  from  12  to  130  years. 

While  the  scope  of  the  paper  is  limited  mainly  to  physical  proper- 
ties, a  brief  description  of  the  general  characteristics  and  uses  of  slate 
is  included  as  an  aid  in  the  interpretation  of  the  results. 

The  cooperation  of  the  National  Slate  Association,  Bangor  Slate 
Association,  Pennsylvania  Slate  Institute,  The  Structural  Sate  Co., 
and  many  individual  producers  was  of  great  assistance  and  is  grate- 
fully aclmowledged.  The  Albion  Vein  Slate  Co.  supplied  samples 
from  each  bed  in  its  quarry  at  a  depth  from  190  to  240  feet.  The 
tests  on  these  samples  indicate  the  variations  in  a  section  across  this 
quarry  and  may  also  be  applicable  to  other  quarries  on  the  same 

II.  GENERAL  DESCRIPTION  OF  SLATE 

1.  ORIGIN 

All  slates  considered  herein  are  assumed  to  have  been  formed  from 
very  fine  argillaceous  silts,  originally  deposited  under  water  in  hori- 
zontal beds.  These  beds  were  compacted  by  vertical  pressures  due 
to  subsequent  deposits  of  other  sediments.  Finally,  horizontal  pres- 
sures distorted  the  original  beds  into  folds,  some  of  which  are  now 
standing  in  a  vertical  position,  while  others  are  overturned  and  are 
resting  in  a  horizontal  position.  The  dynamic  action  which  caused 
the  folding  of  the  beds  also  caused  further  consolidation  and,  by  the 
aid  of  heat,  a  process  of  recrystallization  took  place  which  resulted 
in  a  marked  change  in  the  mineral  constituents.  The  predominating 
mineral  in  slate  is  found  to  be  mica  in  the  form  of  fine  flakes.  These 
flakes  are  arranged  in  parallel  order,  with  the  flat  faces  roughly 
parallel  to  the  axes  of  the  folds.  As  the  original  silts  were  formed 
from  decomposing  igneous  rocks,  the  chemical  composition  of  slate 
bears  some  relation  to  that  of  the  parent  rock.  The  geologic  age  of 
the  slates  ranges  from  Cambrian  to  Silurian. 

2.  DISTRIBUTION 

Although  slate  deposits  are  known  to  exist  in  17  States,  it  is  now 
being  produced  in  only  5  or  6.  The  latest  statistics  indicate  that  95 
per  cent  of  the  roofing  slate  is  supplied  by  Vermont,  Pennsylvania, 
and  Virginia.  A  large  portion  of  the  slate  from  Maine  is  used  in 
electrical  equipment.  The  Vermont-New  York  region  supplies  red, 
green,  and  purple  slates  for  roofing,  electrical,  and  structural  purposes, 
as  well  as  some  dark  and  gray  varieties  for  roofing  only.  Pennsvfvania 
also  produces  a  large  amount  of  structural  and  blackboard  slate,  as 
well  as  a  considerable  quantity  for  electrical  purposes. 
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3.  CLASSIFICATION 

Slate  is  broadly  classified  under  the  headings  of  mica,  clay,  and 
igneous  slates.  A  mica  slate  is  one  formed  from  clay  sediments,  but 
the  process  of  metamorphism  is  so  complete  that  the  clay  content 
is  very  small.  A  clay  slate  is  one  in  which  clay  still  exists  in  appreci- 
able quantities,  while  an  igneous  slate  is  one  resulting  from  the  meta- 
morphism of  a  ledge  of  igneous  rock.  All  materials  included  in  this 
report  are  classified  as  mica  slates.  The  slates  of  this  country  have 
sometimes  been  subdivided  into  fading  and  unfading  varieties; 
but  due  to  the  misconceptions  arising  from  such  terms  and  difficulties 
involved  in  defining  such  terms,  this  phase  of  the  subject  will  be  dis- 
cussed under  a  separate  heading. 

4.  CLEAVAGE 

The  distinguishing  characteristic  of  slate  is  its  fissility.  Most 
types  of  rock  may  be  split  more  easily  in  one  direction  than  in  another, 
but  in  no  other  type  is  this  property  so  prominent  as  in  slate.  The 
plane  of  splitting  is  commonly  called  the  cleavage  plane.  Cleavage 
is  evidently  due  to  the  parallel  arrangement  of  the  mica  flakes  and  the 
elongation  of  other  mineral  constituents  in  the  same  general  direction. 
As  may  be  expected,  the  flattening  of  the  mineral  particles  occurred  on 
the  sides  exposed  to  the  greatest  pressure  and  the  elongation  in  the 
direction  of  least  resistance.  The  horizontal  thrust  which  caused 
the  folding  of  the  original  beds  also  caused  the  parallel  arrangement  of 
minerals;  nence  the  cleavage  is  found  to  make  various  angles  with 
the  original  direction  of  bedding,  depending  on  the  part  of  the  fold 
being  considered.  At  either  the  apex  or  trough  of  a  fold  the  cleavage 
is  commonly  perpendicular,  while  on  the  sides  of  the  folds  it  is  roughly 
parallel  to  the  bedding.  Not  all  deposits  of  slate  are  as  simple  as  the 
case  just  described,  and  it  can  not  be  definitely  claimed  that  horizontal 
pressures  are  necessary  for  the  formation  of  slate.  Probably  the  only 
necessary  conditions  are  pressures  from  two  opposite  directions  on  a 
clay  stratum  with  a  limited  degree  of  freedom  to  flow  or  yield  in  some 
other  direction.  The  direction  of  yielding  will  determine  the  cleavage. 

5.  GRAIN 

A  slab  of  slate  having  its  broad  faces  parallel  to  the  cleavage  can  be 
broken  transversely  in  one  direction  more  readily  than  at  right  angles 
to  this  direction.  This  direction  of  easiest  breaking  is  called  the 
"grain,"  and  is  caused  by  the  arrangement  of  the  minerals.  This 
feature  is  assumed  to  be  due  to  a  greater  elongation  of  the  mineral 
in  the  grain  direction  than  at  90°. 

The  grain  or  "sculp"  of  slate  is  advantageous  in  quarrying  proc- 
esses. Mill,  blocks,  or  pieces  taken  from  the  quarry  in  convenient 
size  for  handling,  commonly  have  the  largest  faces  in  the  cleavage 
planes,  the  next  largest  in  the  grain  direction,  and  the  least  across 
grain.  Likewise  in  the  finished  product,  when  in  the  form  of  rec- 
tangular slabs,  the  largest,  next  largest,  and  smallest  faces  will  bear 
the  same  relation  to  the  cleavage,  grain,  and  cross-grain  directions. 

There  are  various  ways  of  determining  the  grain  direction  in  slate. 
Slate  workers  usually  resort  to  the  hammer  and  ascertain  the  easiest 
breaking  direction  in  a  slab.    A  means  proposed  by  Jannetaz  1 


I  Jannetaz,  E.,  Memoiro  but  lea  clivagea  des  roches  et  sur  lour  reproduction.  Soc.  Oeol.  France,  Bui. 
3d  sex.,  vol.  13,  p.  211,  1884. 
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depends  on  an  assumed  difference  in  thermal  conductivity  parallel 
and  perpendicular  to  the  grain.  This  means  has  not  proven  very 
satisfactory  as  applied  to  the  slates  of  this  country.  A  method  used 
with  considerable  success  in  this  study  is  as  follows:  A  square  slab  of 
slate  is  laid  on  an  asbestos  mat  with  a  hole  in  the  center  of  the  latter 
about  1  inch  in  diameter.  The  flame  of  a  Bunsen  burner  is  applied 
directly  to  the  slate  surface  through  the  hole.  In  a  few  seconds  the 
slate  will  usually  break  in  the  grain  direction. 

6.  TEXTURE 

The  term  "texture"  is  commonly  used  by  geologists,  and  miner- 
alogists in  describing  the  state  of  aggregation  of  mineral  components 
in  rocks.  This  term  in  the  slate  trade  has  come  into  a  somewhat  more 
restricted  use  in  describing  the  character  of  the  split  surface.  A  slate 
which  presents  a  rough  cleavage  surface  when  split  in  the  usual  way  is 
said  to  have  more  "texture"  than  one  that  splits  evenly.  Within 
recent  years  architects  have  often  shown  a  preference  for  what  they 
call  "textural  roofs."  By  using  the  rougher  splitting  slates  in  various 
sizes  and  thicknesses  they  obtain  what  is  designated  as  "roof  texture." 

7.  COLORS 

The  prevailing  color  of  slates  now  being  produced  in  Maine, 
Pennsylvania,  and  Virginia  is  dark  gray  with  slight  tinges  of  blue, 
green,  or  occasionally  brown.  Generally  the  slates  from  Maine  and 
Virginia  present  a  somewhat  darker  appearance  than  the  Pennsyl- 
vania slates,  although  the  Peach  Bottom  slates  from  Maryland  and 
certain  beds  from  Pennsylvania  are  quite  dark.  That  known  as 
"gray  bed"  from  Pennsylvania,  representing  a  minor  part  of  the 
total  production  of  that  slate,  is  gray  with  a  tingle  of  green.  The 
production  of  red,  green,  and  purple  slate  is  now  mainly  limited  to  the 
Vermont-New  York  region.  A  purple  slate  was  once  worked  in 
Maryland.  Black,  red,  and  green  slate  deposits  occur  in  Arkansas, 
and  green  slates  are  now  being  worked  to  some  extent  in  Georgia  and 
Tennessee. 

8.  COLOR  PERMANENCE 

The  apparent  fading  which  occurs  in  some  of  the  dark-gray  slates 
seems  to  be  due  to  an  efflorescence  of  calcium  sulphate  which  partiallv 
conceals  the  true  color.  During  rains,  when  a  slate  roof  is  wet,  such 
fading  effects  are  not  apparent,  although  the  same  roof  may  show 
considerable  fading  when  drv.  The  source  of  the  calcium  sulphate 
will  be  discussed  under  the  heading  "Weathering  processes." 

Some  of  the  dark-gray  varieties  change  to  a  rusty  color  after  a 
period  of  exposure.  This  appears  to  be  due  to  decomposition  of  the 
sulphides  of  iron  in  the  slate.  The  first  change  is  probably  the 
formation  of  sulphate  of  iron,  which  is  finally  oxidized  on  the  exposed 
surface. 

Some  of  the  green  varieties  of  slate  also  change  to  buff  or  rusty 
brown  after  a  few  months  of  exposure.  Such  slates  have  been  called 
"sea  green"  or  "weathering  green"  slates.  This  change  has  been 
ascribed  to  the  conversion  of  finely  divided  particles  of  iron  carbonate 
to  the  oxide. 

The  red;  most  of  the  purple,  and  some  of  the  green  varieties  undergo 
no  appreciable  change  of  color  during  long  pcnods  of  exposure. 
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As  no  satisfactory  laboratory  test  for  color  permanence  has  been 
developed,  it  has  been  the  practice  to  rely  on  past  experience  with  the 
various  deposits.  Generally  those  slates  which  are  low  in  carbonates 
undergo  the  least  color  changes. 

9.  RIBBONS 

Bands  of  different  color,  texture,  and  composition  in  slate  are 
commonly  called  "ribbons."  The  most  common  ribbons  are  darker 
in  color  than  the  main  part  of  the  slate  and  vary  in  width  from  a 
fraction  of  an  inch  up  to  several  inches.  Ribbons  follow  the  original 
bedding  planes  of  the  clay  deposits  and  represent  periods  of  accumu- 
lated coarse  particles  in  the  sediments.  The  dark  color  is  due  to 
carbonaceous  matter.  Such  ribbons  are  usually  more  absorptive  and 
contain  more  calcite  than  the  clear  part  of  the  slate.  Fresh  slate 
containing  these  ribbons  usually  shows  no  appreciable  difference  in 
strength  whether  broken  through  a  ribbon  or  tnrough  the  clear  part. 
On  account  of  having  coarser  particles  of  quartz  the  ribbon  offers 
more  resistance  to  cutting  or  grinding  than  other  parts  of  the  material. 
The  cleavage  surface  is  more  uneven  and  is  often  deflected  somewhat 
at  the  ribbon. 

Fading  effects  as  mentioned  in  section  8  above  are  more  common 
along  ribbons,  and  generally  this  part  is  less  durable  than  the  clear 
portion  when  exposed  to  the  weather. 

m.  FACTORS  AFFECTING  SERVICE 
1.  SERVICE  CONDITIONS 

Since  the  most  extensive  use  of  slate  is  for  roofing  purposes,  the 
foremost  point  of  concern  is  durability.  A  roofing  material  is  obvious- 
ly exposed  to  the  most  severe  weather  conditions.  Roof  tempera- 
tures may  often  reach  140°  F.,  and  the  exposure  offers  no  protection 
against  the  lowest  winter  temperatures.  Moisture,  ice,  snow,  and 
hail  all  contribute  to  the  severe  conditions.  Wind  storms  deflect  the 
rafters,  and  where  slates  are  nailed  down  too  tightly  may  strain  them 
to  the  breaking  point.  Besides  the  normal  weather  conditions,  slate 
is  exposed  to  flue  gases  and  the  leaching  from  deposits  of  soot.  Evi- 
dently the  durability  of  slate  in  such  exposure  depends  upon  the 
resistance  of  the  mineral  component;  hence  a  study  of  the  composition 
is  important.  Strength,  elasticity,  and  density  are  also  important 
characteristics. 

Slate  also  finds  extensive  use  in  the  form  of  heavier  slabs  for  steps, 
floor  tile,  window  sills,  toilet  stalls,  tubs,  sinks,  etc.  In  such  uses 
strength  and  density  are  important,  but  probably  the  most  important 
property  is  resistance  to  abrasion.  Where  exposed  to  severe  wear, 
as  in  floors  or  steps,  the  presence  of  hard  veins  is  undesirable  because 
they  cause  uneven  wear. 

For  blackboards  the  material  has  few  competitors.  Color  and 
texture  are  the  main  considerations.  In  this  use  of  the  material, 
physical  tests  afford  little  information  of  value. 

Electrical  slate  is  limited  mainly  to  the  products  of  those  deposits 
which  have  high  insulating  values.  A  slate  of  high  absorption  is 
not  apt  to  prove  satisfactory  for  this  purpose  unless  it  is  thoroughly 
dried  and  treated  with  some  preparation  to  prevent  the  entrance  of 
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moisture.  Strength  and  toughness  are  important  properties,  but  the 
final  test  is  that  of  electrical  resistance,  and  this  test  it  of  little  value 
unless  applied  to  the  entire  panel.  The  producers  of  switchboards 
should  have  appliances  for  conducting  such  teste. 

2.  FABRICATION  PROCESSES 

Certain  processes  used  in  quarrying  and  working  slate  into  the 
finished  product  may  have  a  bearing  on  its  service.  The  use  of 
explosives  in  quarrying  is  quite  general.  Considerable  waste  material 
results,  due  to  shattering,  and  it  seems  inevitable  that  some  of  the 
finished  product  will  contain  portions  of  the  injured  material. 

In  splitting  slabs  from  quarry  blocks  the  practice  is  to  separate  the 
block  into  two  equal  parte  by  a  middle  split.  The  two  halves  are 
then  divided  into  halves  and  so  on  until  tne  desired  thicknesses  are 
obtained.  In  roofing  slate,  where  no  further  finishing  of  the  split 
face  is  required,  there  is  necessarily  a  considerable  variation  in  thick- 
ness. Slabs  which  are  to  be  planed  to  definite  thicknesses,  as  for 
structural  or  electrical  purposes,  must  be  split  to  a  thickness  con- 
siderably greater  than  the  finished  piece.  Slates  with  curved  cleav- 
age are  not  suitable  for  such  purposes. 

The  splitting  process  is  varied  somewhat  according  to  the  nature 
of  the  cleavage.  Slates  having  an  easy  cleavage  are  split  with  a 
long-handled  wedge  driven  into  the  block  on  one  of  the  long  edges 
and  used  as  a  lever.  Slate  blocks  somewhat  more  reluctant  to  split 
are  separated  with  one  wedge,  which  is  driven  in  the  middle  of  one 
end  and  used  as  a  lever.  In  the  most  difficult  cases  the  driving  of 
two  or  more  wedges  to  start  the  crack  is  required,  and  the  final  separa- 
tion is  made  by  forcing  a  long  thin  blade,  shaped  like  a  spatula,  down 
from  one  end.  In  all  of  these  methods  there  is  an  unavoidable  strain 
produced  which  is  transverse  to  the  slab  and  greatest  in  the  weakest 
direction.  Thin  roofing  slates  occasionally  find  their  way  into 
the  stacks  of  marketable  material  which  have  partially  opened  trans- 
verse cracks  running  the  long  way  of  the  shingles.  The  presence  of 
such  cracks  can  usually  be  detected  by  supporting  the  shingle  on  the 
knuckles  of  one  hand  and  striking  it  with  a  light  tool  or  pencil.  If 
free  from  cracks  it  should  ring  clearly. 

Slate  shingles  are  usually  trimmea  to  size,  after  being  split  to  the 
desired  thickness,  by  shearing  with  heavy  steel  blades.  Although 
this  would  seem  to  be  a  severe  treatment  for  so  brittle  a  material,  no 
very  appreciable  injury  appears  to  be  caused  by  shearing.  However, 
it  probably  accounts  for  the  fact  that  small  fragments  of  slate  are 
often  found  on  the  ground  near  slate  roofs.  That  the  slight  fracturing 
near  the  sheared  edge  does  not  affect  the  durability  of  the  slate  is 
indicated  by  the  fact  that  decay  is  more  rapid  on  other  parts. 

Nail  holes  are  more  frequently  punched  than  drilled.  Machine 
punching  is  usually  considered  to  he  more  satisfactory  than  hand 
punching,  although  the  process  is  about  the  same  in  both.  The 
punch  is  driven  from  the  side  that  is  to  be  laid  downward.  Where  the 
point  comes  through  there  is  enough  chipping  around  the  hole  to 
produce  a  recess  that  serves  the  purpose  of  countersinking  for  the 
nail  head.  Observations  on  old  shingles  seem  to  indicate  that  punch- 
ing is  more  injurious  than  the  shearing,  as  decay  often  begins  around 
the  hole  before  it  does  on  other  parte.   Some  trimming  and  punching 
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must  be  done  by  the  roofer.  As  this  is  done  under  less  favorable 
conditions  than  at  the  plant,  it  is  more  apt  to  prove  injurious.  Fur- 
thermore, slate  is  less  brittle  when  fresh  from  the  quarry  than  after 
it  has  become  seasoned. 

IV.  COMPOSITION  OF  SLATE 
1.  MINERAL  COMPOSITION 

The  prevailing  mineral  in  the  commercial  slates  of  this  country  is 
sericite  mica,  which  accounts  for  30  to  40  per  cent  of  its  bulk.  Next 
in  order  is  usually  quartz  or  carbonate  of  lime,  although  chlorite, 
kaolin,  or  carbon  is  occasionally  found  to  be  next  in  abundance. 
Pyrite,  magnetite,  and  rutile  are  usually  present,  and  occasionally 
talc,  hematite,  rhodochrosite,  zirocon,  tourmaline,  pyrrhotite,  apatite, 
limonite,  and  feldspar.  These  minerals  occur  as  small  scales,  lenses, 
or  crystals,  the  greatest  dimension  of  which  is  generally  a  small 
fraction  of  a  millimeter. 

2.  CHEMICAL  COMPOSITION 

Chemical  analyses  made  in  connection  with  this  study  have  been 
confined  mainly  to  weathered  slates  to  determine  what  changes  have 
occurred.  Chemical  analyses  of  various  slates  have  been  compiled 
by  Dale  in  United  States  Geological  Survey  Bulletin  No.  586.  The 
variations  shown  for  slates  from  different  regions  are  as  follows: 


New  York 

Pennsylvania 

Virginia 

810i-  

Percent 
58  to  88  

Percent 
56  to  88  

Percent 

Percent 
54  to  62. 
17  to  25. 
7.0  to  7.8. 

0.4  to  1.9. 

1.5  to  3.9. 

0.2  to  2.0. 

A1,0|  

14  to  10  

10  to  13  

15  to  22.  

0.8  to  5.2  

1.6  to  5.8  

FeO  

2.5  to  8.8  

0.3  to  2.2  

1*2  to  3 .  S . .  .  —  - 

0.1  to  6.1  

2.3  to  9.0  

0.2  to  4.2  

C»0  

2.2  to  S.4  

2.8  to  4.4  

1.1  to  3.7  

0.6  to  3.5  

0.1  to  3.0  

1.6  to  3.7  

The  chemical  composition  of  various  minerals  occurring  in  slate 
as  given  in  textbooks  on  mineralogy  are  as  follows: 

Muscovite  H,KAl,(8iO«),. 


Biotite   (HK)i(Mg,  Fe),(Al,  FeMSiO,),. 

Suartr   SiO,. 
alcite   CaCOi. 


Chlorite  (clinochlore)   H»(Mg,  Fe),Al  Si,0,». 

Pyrite   FeS,. 

Rutile   TiO,. 

Magnetite   FeaO«. 

Tourmaline   R«SiO,,  R«=A1,  K,  Mn,  Ca,  Li. 

Kaolinite   H,Al,Si,0,. 

Siderite   FeCO,. 

Due  to  the  complex  nature  of  some  of  these  minerals,  it  is  a  very 
difficult,  if  not  impossible,  task  to  determine  the  true  composition 
from  a  chemical  analysis.  Referring  to  the  molecular  formulas  given 
above  for  the  predominating  minerals  in  slate,  it  is  seen  that  silica 
(SiOj)  may  be  ascribed  to  muscovite,  biotite,  quartz,  chlorite,  tour- 


384 


Bureau  of  Standards  Journal  of  Research 


maline,  or  kaolinite;  iron  oxides  (Fe203  and  FeO)  to  biotite,  chlorite, 
magnetite,  or  siderite;  alumina  (Al2Oa)  to  muscovite,  biotite,  chlorite, 
tourmaline,  or  kaolinite;  lime  (CaO)  to  calcite  or  tourmaline;  magne- 
sia to  biotite  or  chlorite;  potassia  (K20)  to  muscovite,  biotite,  or 
tourmaline;  soda  (NajO)  to  muscovite;  carbon  dioxide  to  calcite  or 
siderite;  sulphur  (S)  to  pyrite;  titanium  (Ti02)  to  rutile.  Water 
(H20)  determined  below  110°  C.  is  considered  to  be  present  in  the 
form  of  moisture  within  the  pores,  while  water  determined  above  110° 
C,  may  form  a  part  of  the  minerals  muscovite,  biotite,  kaolinite,  or 
one  of  the  chlorite  group.  Sulphur  anhydride  (SO*)  is  seldom  present 
in  appreciable  quantities  in  iresh  slate,  but  in  weathered  slates  it 
indicates  the  presence  of  gypsum  (CaS02«H|0). 


0    .05    .10    .15    20   .25    .30    .55    .40    .45  .50 
Percentage  of  Moisture  in  Specimens 

Figure  2. — Relation  of  flexural  $trengih  to  moisture  content  of  elate 
"Each  point  on  the  curve  Is  tbe  average  of  six  strength  tests. 


V.  PHYSICAL  TESTS 
1.  STRENGTH 

The  flexural  strength  of  slate  is  commonly  determined  instead  of 
compressive,  tensile,  or  shearing  strength  because  of  facility  in  pre- 
paring the  specimens.  In  this  work  a  specimen  12  inches  long,  4 
inches  wide,  and  of  thickness  varying  from  one-eighth  to  one-half 
inch  was  generally  used.  These  were  tested  on  the  apparatus  shown 
in  Figure  1.  The  pieces  were  supported  on  knife-edges  of  the  rocker 
type  spaced  10  inches  and  loaded  at  the  middle  through  a  third  knife- 
edge.  Loads  were  added  in  10-pound  increments.  The  strength  was 

,    n  Wl 

computed  by  means  of  the  modulus  of  rupture  formula  R  =  in 

which  breaking  load,  length  of  span,  6=  width,  and  d  —  thick- 
ness, the  load  being  in  pounds  and  dimensions  in  inches. 

The  strength  was  usually  determined  "across  the  grain":  that  is, 
the  long  dimension  of  the  specimen  was  parallel  to  the  grain  direction, 
and  hence  the  fracture  was  transverse  to  this  direction.  Several  tests 
were  also  made  "parallel  to  the  grain"  in  which  the  fractural  occur- 
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FIGURE  1. — Apparatus  used  for  determining  the  flex ii ml  strength  and  elasticity 
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red  in  the  grain  direction.  Results  of  strength  tests  on  slate  in  the 
dry  condition  are  given  in  Table  1. 

The  effect  of  absorbed  moisture  on  the  strength  was  studied  by 
tests  on  several  samples  after  14  days'  soaking.  The  pronounced 
reduction  in  strength  is  shown  in  the  last  column  of  Table  2.  Figure 
2  shows  strength  determinations  on  several  specimens  of  one  slate 
tested  with  various  amounts  of  absorbed  water.  This  shows  the 
importance  of  drving  before  the  strength  test  if  truly  comparative 
results  are  desired. 

Table  1. — Modulus  of  rupture — specimens  dry 

MAINE  SLATE8 


Serial 

No. 

Num- 
ber of 
sam- 
ples 

Num- 
ber of 
tests 

Modulus  of  rupture, 
thousands  of  lb*./tn.» 

Source  of  sample 

Variety 

Maxi- 
mum 

Mini- 
mum 

Aver- 
age 

1  

>3 

10.9 

10.0 

10.6 

Portland  Monson  Co  

Blue  black. 

•7 

12.1 

10.2 

11.0 

Do. 

2  

<  1 

»3 

9.0 

7.0 

8.3 

 do  

Do. 

a  

•6 

15.3 

9.8 

13.3 

Rising  &  Nelson  Slate  Co. 

Do. 

VERMONT-NEW  YORK  SLATES 


4. 

5. 


I 


7.. 


8„_ 

9.. 
10. 
13. 

14. 
15. 

10. 
17. 


{ 


I 

{ 
{ 

I 


» 11 
»5 
«4 
•8 

•  4 
»S 
>  4 
>3 

»4 
»3 

U 
>2 
'5 

>3 
>8 
«8 
•2 

>3 
»3 
13 
13 

13 
»3 
»8 
'3 

13 
»3 
13 
t3 

•  2 
>3 


15.5 
10.3 
14.9 
12.2 

14.0 
12.  9 
10.2 
8.7 

1Z7 
10.3 


12.2 
11.1 

12  3 
9.4 
8.4 
8.2 

13.8 
9.8 

11.0 
9.9 

12.0 
8.3 
10.5 
10.1 

9.5 
9.7 
15.3 
14.2 
1L5 
14.2 


5.3 
5.9 
12.0 
9.5 

8.4 

9.5 

7.2 
7.2 

10.4 
8.8 


11.0 

7.7 

11.1 
9.0 
7.5 
7.6 

8.0 
5.6 
8.7 
0.2 

12  0 
7.3 
9.8 
8.6 

8.0 

6.1 
15.2 

9.0 
11.4 

9.6 


9.8 

7.6 
13.9 
11.1 

12.0 
11.3 
8.6 
8.2 

10.8 
9.7 
10.7 
11.9 
9.2 

11.8 
9.2 
7.8 

7.85 


Norton  Bros. 

 do  

 do  

.....do  


.do. 

.do. 

.do. 
.do. 


 do  

.—do  

 do  

Wrlla,  Vt  

J.  D.  Emack. 


10.9   do  

7.0   do  

10.2  !  Fair  Haven 

8.4   do  


113 

7.8 
10.0 
9.5 

9.0 
8.0 
15.2 
12.2 
11.4 
1L1 


 do.. 

 do.. 

 do.. 


Granville.. 

 do  

Poultoey... 

Rupert,"  Vt. 

 do  


PENNSYLVANIA  SLATES 
Hard  Viin  Rkoion 


Sea  i 


Silver  gray. 

Do. 


Gray  and 

Do. 
Green  and 


and  black. 


Do. 

Unfading  green. 

Do. 
Dark  purple. 
Green  ana  purple. 
Colonial  gray. 


ITydeville,  Vt   Oreen  and  purple. 

.do   Do. 


..do  

..do    


Purpje. 

Green. 

Do. 
Oreen  and 

Do. 


Unfading  green. 

Do. 

Green  and  purple. 


"Arabian  red." 
Do. 


Do. 

Mottled  purple. 

Do. 


23. 
24. 


•44 

16.5 

10.0 

13.8 

»3 

6.0 

4.9 

6.4 

119 

18.5 

9.0 

13.4 

1 

•0 

12.7 

8.4 

10.8 

C."io. 

 do. 

BoUost 


See  footnotea  at  end  of  table. 


Do. 

Rough  texture. 
Smooth  texture. 
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Table  1. — Modulus  of  rupture— ipecimeiu  dry — Continued 

PENNSYLVANIA  SLATES — Continued 
Banoor  Rkoion 


Serial 

No. 


Num- 
ber of 
sain- 


Num- 
ber of 


Modulus  of  rupture 


Maxi- 
mum 


Mini- 
mum 


Aver- 
age 


Variety 


26. 
27. 

28. 
29. 
30. 
31. 
32. 

33. 

34. 

35. 

36. 

37. 
38. 
39. 

40. 
41. 
42. 
43. 
44. 


>8 
*5 
>8 
»6 

>7 
•6 
14 
>4 
»2 

•18 
»3 
M 
M 

>8 
»1 
<4 
>10 
>4 

>4 
14 
M 
14 
14 


16.2 
10.8 
14.8 
9.0 

10.0 
12.6 
16.0 
14.6 
14.3 

13.9 
8.3 
11.2 
15.2 

13.8 


9.6 
6.1 
8.2 
6.5 

7.9 
11.5 
12.9 
12.3 
13.9 

8.9 
7.3 
10.4 
1X0 

11.0 


12.2 
14.7 
12.6 

12.1 
15.8 
16.1 
13.1 
12.4 


11.1 
10.6 
10.4 

8.8 
13.8 
12.6 

9.7 
10.9 


13.7 
7.8 

11.5 
7.3 

122 
12.1 
14.1 
13.4 
14.1 

12.2 
7.8 
10.8 
13.8 

12  6 

8.1 
11.7 
12.9 
11.2 

10.5 
14.6 
13.8 
11.7 
11.5 


Structural  Slate  Co. 

.....do  .  ... 

 do  


Vendor  Slate  Co  

 do  

Wallace  A  Gale  

Griffith  Consumers  Co.. 
Starrett  Equipment  Co. 

N.  Bangor  Slate  Co  

.....do  

Bangor  Quarry  Co  


Bangor  clear. 
Do. 

Bangor  ribbon. 
Do. 

Bangor  clear. 
Bangor  ribbon. 
Bangor  i ' 

Do. 

Do. 

Do. 
Do. 


.do. 


Old  Bangor  Quarries... 

 do  

Bangor  Ideal  Quarry... 


Bangor  ribbon. 


.  Bangor 

Do 


clear. 


Columbia : 

E.  Bangor  Consolidated.. 

 do  


Bangor  ribbon. 
Bangor  ck»r 
Bangor  ribbon. 


Bangor  < 
Bangor  ribbon. 


Pen  Arotx  Rxoion 


45... 

46... 

47... 
48  -  - . 

49... 

50 — 
51... 

62... 
52a.. 

53... 

54... 
55... 

56.... 
57... 

68... 
59... 

60... 
61... 
62... 
63... 
64... 


{ 


{ 


8 

131 

14.3 

8.8 

11.7 

6 

H8 

12.9 

8.6 

1L1 

1 

»3 

11.8 

8.4 

10  5 

1 

14 

11.9 

10.8 

11.6 

1 

14 

120 

10.0 

1L0 

2 

17 

13.0 

8.5 

10.9 

1 

»5 

11.7 

6.4 

8.9 

2 

U2 

14.1 

9.6 

1L1 

1 

•4 

11.1 

7.7 

iai 

54 

>212 

15.9 

6.8 

12.0 

38 

*  134 

12.6 

4.6 

7.4 

6 

>22 

15.9 

9.1 

12.7 

3 

1 10 

14.0 

10.8 

12  9 

1 

*  4 

8.6 

7.8 

8.1 

2 

18 

12.1 

9.7 

11.0 

1 

'4 

7.9 

6.8 

7.2 

1 

«2 

11.8 

11.1 

11.4 

4 

120 

11.5 

8.8 

10.3 

3 

«  11 

11.7 

9.1 

107 

4 

1 12 

11.1 

9.0 

10.4 

3 

>0 

9.5 

8.2 

8.6 

4 

•  12 

121 

9.0 

10.6 

r> 

»16 

10.3 

7.1 

8.0 

l 

i  4 

13.4 

1L2 

12  2 

2 

>  3 

12  8 

9.9 

11.0 

2 

l  10 

14.2 

11.3 

12  7 

1 

15 

14.3 

12  9 

13.7 

,2 

16 

12.1 

10.6 

1L4 

Parson  Bros  

....do  

do.**.. 
•  •  -  •  do.. 


Albion  Vein  Slate  Co. 

.....QO.........  ......  . , 

.. — do...... ..  .... 


Jackson  Bangor  

do. 


.do. 
.do 





Albion  Vein  Slate  Co  

 do  

 do  

 do  

Keenan  Structural  Slate 

Co. 

Doney  Slate  Co  

Colonial  Slate  Co  


Structural  Slate  Co. 

 do  

 do  


 do  

Vendor  Slate  Co.. 

Stephens-Jackson. 
 do  

Belmont  Slate  Co. 


Deep  bed  clei 
Albion  clear. 

Do. 

Albion  black  bed. 
Albion  ribbon. 

Clear. 

Do. 
Deep  be 
Ribbon. 

Blue  gray. 
Do. 

Blue  gray,  300-foot 

level. 
Gray  Bed. 

Do. 

Ribbon. 

Do. 
Clear. 

Do. 
Do. 

Do. 
Do. 
Ribbon. 
Do. 

Gray. 
Clear. 
Gray. 
Blue  gray. 


IS" 


See  footnotes  at  end  of  table. 
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Table  1. — Modulus  of  rupture — specimens  dry — Continued 

PENNSYLVANIA  8LATES-Contiiroed 
Wind  Gap  Region 


Serial 

No. 


Num- 
ber of 
sam- 


I 


Num- 
ber of 


>2 
*  14 
>3 
»fi 
*4 
»12 

•3 


Modulus  of  rupture, 


Maii- 


1L4 
7.7 

12.3 
8.8 

11.0 

13.0 

7.7 


Mini- 


11.3 
6.6 

10.4 
4.8 
0.1 

10.4 

6.2 


Aver- 
age 


11.35 
7.2 

1L3 
7.1 

10.0 

1L0 

6.8 


Structural  Slate  Co  

— _do.„  

....do._  

 do..  

Phoenix  Slate  Co  

Imperial  Slate  Blackboard 
Co. 


Variety 


Do. 
Ribbon 
Do. 
Rough 
Clear. 

Do. 


70 


71.. 

72.. 
78.. 
74.. 
76.. 


2 

»4 

13.3 

11.6 

12.4 

»3 

10.9 

9.8 

10.3 

-{  i 

MO 

0.2 

4.6 

6.8 

»2 

13.0 

11.3 

12.16 

-  0 

>  17 

14.4 

9.4 

12.1 

>6 

12.6 

9.2 

11.7 

»7 

1L1 

9.7 

10.4 

»4 

0.7 

7.5 

8.5 

Franklin  Big  Red... 
Structural  Slate  Co. 

 do  

Vendor  Slate  Co.... 


Washington  Big  Bod. 
Slatington  Slate  Co.. 

kern  Slate  Co  

Shenton  Slate  Co.... 


Clear. 
Do. 
Do. 

Rough  texture. 

Clear. 
Do. 

Hough  texture. 
Clear. 


VIRGINIA 


76 
77 
78 


i  7 

122 

14.2 

8.1 

10.2 

13 

13.3 

11.3 

12.5 

»19 

12.9 

7.3 

iae 

12 

8.2 

6.4 

7.3 

1  3 

9.4 

5.8 

7.5 

I  i 

12 

2.9 

2.8 

286 

Arvoala... 

 do  

Ore  Bunk. 

 do  

Esinout... 

fin  


Blue  black. 

Do. 
Do. 
Do. 

Greenish  gray. 
Do. 


MARYLAND 


»  { 

80  

81 


1 

»3 

9.4 

6.8 

7.6 

1 

12 

2.9 

2.8 

2.85 

1 

13 

4. 1 

3.4 

3.4 

2 

»3 

16.4 

15.2 

15.3 

IJams  villa  

 do  

 do  

Peach  Bottom 


Purple. 

Green. 
Blue  black. 


TENNESSEE 


1 

>2 

10.6 

9.2 

9.9 

Green. 

1 

13 

10.0 

8.5 

9.0 

Do. 

GEORGIA 


13 

14.5 

7.9 

11.0 

{  : 

13 

8.2 

5.7 

6.7 

Fairmont. 

.....do  


Green. 

Do. 


ARKANSAS 


1 

12 

6.6 

3.4 

4.05 

3 

1 13 

11.4 

6.2 

8.1 

2 

«6 

7.6 

3.7 

6.4 

Missouri  Mountain. 
— do —  


Black. 
Greeu. 
Red. 
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The  remarkably  high  flexural  strength  of  slate  is  probably  due  to 
its  compactness  and  tne  reinforcing  effect  of  the  mica  particles.  The 
difference  in  strength  between  the  two  grain  directions  indicates  the 
effect  of  the  elongation  of  the  mica  flakes  in  the  grain  direction.  The 
lubricating  action  of  water  in  its  effect  on  strength  of  stone  has  been 
emphasized  by  Julien 2  and  by  Baldwin- Wiseman  and  Griffith.3 

Besides  affording  a  ready  means  of  comparing  various  slates,  the 
flexural  strength  is  of  interest  in  connection  with  most  of  the  uses  of 
the  material.  When  slate  shingles  are  nailed  down  too  tightly  they 
may  be  strained  to  the  breaking  point  due  to  wind  pressures  deflecting 
the  rafters.  Breakage  of  shingles  on  roofs  due  to  workmen  walking 
on  the  slate  or  placing  ladders  on  the  roof  is  an  important  consider- 
ation. The  flexural  strength  is  a  factor  in  determining  the  thickness 
of  slabs  for  various  uses.  There  appears  to  be  no  general  relation 
between  the  strength  and  durability  of  slates  from  different  districts. 

Table  2. — Results  of  modulus  of  rupture  tests — specimens  wet 


Number 
of 

specimens 

Number 
of 
tests 

Modulus  of  rupture,  thousands 
of  pounds/in-1 

Ratio 
wet 
strength 

to  dry 
strength 

Maximum 

Minimum 

A  wage 

1 

»  3 

s.O 

7.2 

7.7 

0.93 

1 

'  3 

7.4 

7.0 

7.2 

.fit 

] 

'  3 

5.2 

3.9 

4.7 

.60 

1 

•  3 

10.9 

6.2 

9. 1 

.S3 

1 

«  3 

5.y 

5.7 

fi.8 

.57 

1 

'  3 

f..3 

4.4 

5. 1 

.42 

1 

* :< 

7.2 

6.0 

6.5 

.65 

1 

i  3 

7.4 

6.8 

7.  1 

.89 

1 

« 

11.1! 

9.  7 

10  6 

.89 

] 

>  3 

0.6 

6.G 

8.  1 

.73 

1 

'  4 

8.S 

7.0 

S.4 

.69 

as 

I  141 

12.  3 

4.8 

7.7 

.66 

j 

>  4 

11. 0 

e.  i 

0.8 

.74 

l 

»  4 

y.  i 

7.8 

8.3 

.74 

l 

»  5 

0.2 

6.  0 

8.1 

.66 

l 

1  5 

9.3 

8.  2 

8.6 

.63 

l 

'  3 

10.5 

9.  8 

10.0 

.80 

l 

'3 

10. 1 

9.4 

9.8 

.14 

l 

>3 

13.5 

ft.  9 

12.3 

1.12 

Serial  No.  i 


2.... 
14... 
15... 
16... 
17... 

IS... 
19... 
20... 
2J... 
22... 

29... 

52... 
53... 
51... 
62... 

fi3... 
7'>.._ 
HI... 


1  Identification  of  serial  numbers  given  in  Table  1. 
•  Specimens  broken  along  the  grain. 
»  Specimens  broken  across  the  grain. 


The  average  modulus  of  rupture  and  extreme  values  for  slate  from 
various  regions  obtained  by  tests  on  dry  specimens  broken  across  the 
grain  are  as  follows : 


District 


Maine  

Vennout-New  York 

Hard  Vein,  Pa  

Bangor,  Pa  — 

Pen  Argyl,  Pa  

Wind  clap.  Pa 
Slatington,  Pa 


Number 
of  tests 


21 
68 
73 
156 

431 
21 

36 


11,700 
10,600 
13.rO0 
12,500 

11,500 
10,900 
11.  WW 
10,500 


15,300 
15,500 
16,500 
16,300 

15,000 
13,000 
14,400 
14,200 


9,800 
5,300 
8,400 
7,  yjj 

6,800 
8,800 
9,200 
6,700 


1  Building  Stones,  J.  Franklin  Inst.,  April,  May,  and  June.  181 
*  Minutes  of  the  Proo.  Inst,  of  Civ.  Eng.,  vol.  170,  p.  290, 1909. 


1899. 
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2.  ELASTICITY 

The  modulus^ofjelasticity  in  flexure  is  easily  determined  in  con- 
nection with  the  modulus  of  rupture  test  by  making  deflection 
measurements  at  various  loads.  Determinations  in  connection  with 
this  work  were  made  by  suspending  the  deflectometer  shown  in 
Figure  1  from  rods  laid  across  the  specimen  above  the  supporting 
knife-edges.  The  gage  used  indicated  deflections  of  0.0001  inch. 
Usually  deflection  readings  were  recorded  for  each  20  pounds  incre- 
ment of  load.  The  modulus  of  elasticity,  E,  was  computed  by  means 
of  the  formula 

in  which  A  is  the  deflection  corresponding  to  some  chosen  load  W't 
and  I,  b,  and  d  are  the  same  dimensions  used  in  the  modulus  of  rupture 
test. 


0    .01      0     .01     0    .01     0     .01      0     .01     0     .01    .02    .03  .04 


Deflection  (inch) 
Figure  3. — Stress-strain  curves  for  slate  in  flexure 

Figure  3  shows  a  few  stress-strain  relations  for  slate  specimens  in 
flexure.  In  general  there  is  a  small  deviation  from  a  straight  line  for 
loads  above  half  of  the  breaking  load,  but  no  definite  yield  point  is  in 
evidence. 

Elasticity  determinations  have  been  made  in  both  grain  directions 
on  dried  specimens  and  across  the  grain  on  several  wet  specimens. 
The  modulus  values  are  usually  somewhat  lower  for  tests  on  wet 
specimens,  but  show  no  appreciable  difference  for  tests  made  in 
different  grain  directions  on  dry  specimens.  The  average  value  of 
E  obtained  was  13,500,000,  with  a  maximum  of  18,000,000.  There 
appears  to  be  less  variation  in  the  E  values  for  slates  from  different 
regions  than  in  other  properties.    The  average  E  and  extreme  values 

132919—32  8 
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determined  across  the  grain  on  dry  specimens  for  the  main  producing 
districts  are: 


District 


Number 
of  tests 

A  venire 

Minimum 

Minimum 

18 

15, 100,000 

18,000,000 

18, 100, 000 

03 

14,  500.  000 

17.600.000 

12.000,000 

45 

15.300.000 

16, 700,000 

13,  000.000 

129 

13,500,000 

16.  300, 000 

10  200.000 

259 

12,900,000 

15,900,000 

9,  800,000 

29 

13,  100,  (KM 

15,200,000 

11.300,000 

17 

12,400,000 

13.  800.  000 

9,  800.000 

56 

14,700,000 

16,400.000 

12,400,000 

Maine  

Vermont- New  York  

Hard  Vein,  Pa  

r,  Pa  

Argyl,  Pa  

Slatington,  Pa  

Wind  Gap,  Pa  

Virginia  


3.  TOUGHNESS 

Meniman's  test 4  for  toughness  with  slight  modifications  has  been 
employed  in  this  work.  This  consists  in  determing  the  maximum 
deflection  for  a  given  span  and  thickness  of  specimen  when  loaded 
in  the  middle.  Merriman  used  a  22-inch  span  and  recorded  the 
highest  observed  deflection.  In  tests  made  for  this  report  the  maxi- 
mum deflection  A  for  a  16-inch  span  and  three-sixteenths-inch  thick- 
ness was  computed  from  the  modulus  of  rupture  R  and  elastic  modulus 
E  by  the  formula 

227  R 


A  = 


E 


This  method  was  found  more  expedient  than  to  grind  the  specimens 
to  an  exact  thickness  and  observe  the  maximum  deflection,  since  the 
grinding  to  a  definite  thickness  is  a  very  tedious  process.  A  consider- 
able variation  in  this  property  is  indicated  by  the  toughness  values 
shown  in  Tables  3  and  4. 

Table  3. — Results  of  toughness  tests — specimens  dry 


Serial  N'o  ' 


Nui.-iImT 


3 

2. 

■ 

■ 


0.. 

7.. 


y.. 

10. 
13- 


M.VilJililU  .1H1.CM.1.  .,f  UriuLh  *J>Utl 

9.e  inch  thwfcnes* 


\  Willi*'!' 

of  tests 

Minimum 

M  inhuuin 

Inch 

Inch 

»  3 

0.  142 

0. 125 

>  7 

.  192 

.  152 

»  3 

.  139 

.  125 

»  C 

.246 

.  13a 

»  11 

.212 

.093 

>  5 

.  16i 

.111 

M 

.217 

.212 

>3 

.182 

.144 

'4 

.2?fl 
.202 

.158 

>3 

.146 

1  4 

.  1C1 

.119 

»3 

.140 

.116 

>4 

.194 

.139 

'3 

.133 

.  125 

1  1 

52 

»  2 

.182 
.171 

.  180 
.131 

Inch 


See  footnotes  at  end  of  table. 

*  Strength  and  Weathering  Qualities  of  Roofing  Slates,  Trans.  Am.  Soc.  of  Civ.  Engre.,  No.  581,  vol.  27 
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Table  3. — Results  of  toughness  tents— specimens  dry— Continued 


Serial  No.» 


14.. 
15.. 


Number 


18. 

17. 


18. 
19. 


24.. 
25.. 


31.. 
32.. 


33.. 

34.. 
35.. 


37. 
38. 
39. 


41.. 
42.. 
43.. 
44.. 

45.. 

46.. 

47.. 
4S.. 


49.. 
50.. 
51.. 

52.. 


53.. 
54.. 

56.. 
57.. 


See  footnotes  at  end  of  table. 


Maximum  ftr Unction  of  16-lnob  span  nrnl 
*ie  inch  thickness 


of  sample 

Number 
of  tests 

a  1  i\x  x  mu  n  i 

^  f  i  t<  l  t  1 1 1 1  ■  f  l 

.M  iminiim 

Avera!"^ 

Inch 

Inch 

Inch 

)  1 

>  3 

0. 197 

0.  173 

0.  184 

i  i 
f  1 

1  3 

!  167 

.  J  55 

.  161 

>;< 

.  117 

.  108 

1 11 1 

l.  1 

'2 

.  130 

.  121 

.126 

r  i 

1  ' 

1  3 

.  107 

.  125 

.  160 

J  3 

.  155 

.  105 

.  134 

t  1 

)  1 

>  3 

ISO 

.  HI 

'.  166 

I  1 

'3 

!  163 

.  115 

'.  142 

If  i 

»  3 

.  213 

.  204 

.  200 

•  3 

.  131 

.117 

.  125 

(  i 

J  3 

]St 

166 

172 

I  ! 

•3 

AW 

.111 

!l50 

J  3 

.  136 

.  113 

.  128 

•  3 

154 

'  fj<6 

'.  126 

f  i 

J  3 

.  226 

'.  228 

{ 

i  3 

.  20S 

.  147 

184 

I  2 

.  ISO 

.  182 

.  184 

{  ! 

i  3 

.  226 

.  155 

.  182 

.  240 

.  153 

.  208 

t  jo 

232 

154 

.  108 

i 

»  3 

'.  iso 

!l66 

'.  175 

(  3 

i  g 

.  247 

.  173 

.  222 

1  14 

.  173 

'.  OW 

.  130 

f  i 

— 

233 

141 

187 

.  I'll 

3 

166 

002 

122 

3 

»  5 

.271 

.  190 

.219 

I 

I  o 

.  109 

.  100 

.  194 

2 

1  4 

'.  254 

!  237 

!  24ft 

i 

>  4 

238 

,  — Wi.r 

225 

246 

2r>7 

238 

»  18 

.223 

.  168 

.  107 

{  ? 

1  3 

.  148 

.  140 

i 

1 

1  4 

.  184 

.  103 

i 

■I 

i  i 

240 

190 

"  2tfl 

(  2 

»S 

.219 

.180 

.203 

1  1 

»  1 

------------ 

.  130 

i 

j  4 

°09 

186 

106 

— 

>  7 

* 

.  172 

204 

1 

'  233 

184 

208 

1 

M 

.235 

.101 

.207 

1 

»  1 

.231 

.  196 

.212 

i 
» 

18*. 

208 

1  4 

^6 

175 

.  Ill' 

207 

1 

J  4 

^38 

ins 

Tin 

7 

,  22 

.244 

.  157 

.212 

»33 

.  244 

.  160 

.206 

{  " 

IS} 

.  137 

.  168 

i 

I  4 

.  21S 

.  105 

.-.11/ 

1 

'  4 

°1 1 

ISO 

o00 

1 

>  5 

.  205 

.115 

.  160 

2 

»  12 

.  254 

.  170 

.210 

M 

.  105 

.  130 

.  179 

»  101 

.218 

.  127 

.207 

{  <I 

»2 

.148 

.  13S 

.143 

1 

»2 

.250 

.202 

.226 

2 

>  fi 

.207 

.174 

.  107 

1 

j  2 

.202 

.  189 

.  105 

3 

»  10 

.  221 

.177 

.  108 

3 

1  0 

.211 

.  182 

.109 

f  4 

»  12 

.206 

.161 

.10X3 

'  8 

.208 

.  139 

.  157 

i  1 

i  12 

.220 

.168 

.193 

•  16 

.179 

.122 

.152 

1 

«2 

.204 

.187 

.198 
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Table  3. — Results  of  toughness  tests — specimens  dry — Continued 


Serial  No.' 


Number 
Samples 


Maximum  deflection  of  10-inch  span  and 
ht  inch  thickness 


Number 
of  tests 


Maximum 


Minim  urn 


61. 
82. 
63. 
64. 


70. 


71.. 

72. 

73.. 
74. 


{ 


75. 
78. 
77. 


78.. 

79.. 
80.. 


{ 

i 


81.. 


83. 

84. 

85. 


13 
»6 
•3 
«6 

»2 
»15 
t3 
»3 
»4 

»8 
•8 
»3 
•9 
»2 

»2 
»11 
»3 
»5 
«7 

*4 

•22 
•3 
'18 

»3 
»2 
»3 
»2 
»2 

»3 
•3 
»2 
»3 

>3 
»8 
»1 
«12 

»5 


/ncA 
0.211 


.219 


.195 
.HO 
.207 
.143 
.211 

.227 
.149 
.180 
.  163 


.224 

.226 
.156 
.229 


.  193 
.200 

.  Ib9 
.198 

.130 
.12.1 
.  158 
.  103 
.102 

.  198 

.137 
.185 


.180 
.  136 


.  160 


Jnek 
0.191 
.183 
.208 
.191 


.112 
.182 
.103 


.181 
.  123 
.159 
.102 


.198 
.  180 
.146 
.161 
.178 

.151 
.130 
.1.53 
.142 

.110 
.110 
.132 
.  078 
.092 

.189 
.099 
.  182 
.149 

.104 
.096 


.101 


Inch 
0  201 
.198 


.194 

.119 


.197 
.134 
.189 
.  132 
.214 

.210 
.190 
.  150 
.204 


.175 
.170 

.123 
.118 
.144 

.090 
.097 

.193 
.  123 
.174 
.166 

.140 
.113 
.164 
.137 


1  Identification 'of  serial  numbers  given  lnJTable  1. 
'  Specimens  broken  across  the  grain. 
»  Specimens  broken  along  the  grain. 
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The  average  and  extreme  values  from  tests  across  the  grain  on  dry 
specimens  for  various  regions  are: 


District 


Main*  

Vermont-New  York 

Hard  Vein,  Pa  

Bangor,  Pa  

Pen  Argyl,  Pa  

Wind  Qap.  Pa  

SlatinRton,  Pa  

Virginia.  


Number 
of  tests 

A 

Average 

A 

M  in  imurn 

18 

0.178 

a  245 

0.125 

«3 

.163 

.230 

.003 

45 

.204 

.249 

.153 

125 

.205 

.271 

.141 

263 

.205 

.250 

.127 

17 

.  196 

.227 

.161 

29 

.197 

.229 

.151 

56 

.164 

.200 

.108 

Table  4. — Results  of  toughness  tests — specimens  wet 


Serial  No.» 


Number 
ofsa 


2— 
14.- 
15.. 
16- 
17- 

18.. 
19.. 
20- 
21- 
22.. 

52- 
53.. 
54.. 
62.. 

63- 
76- 
81.. 


1 
1 
1 
1 
1 

1 
1 
1 
1 
1 

33 
1 
1 
2 

1 
I 
1 
1 


Maximum  Reflection  of  16-inch  span  and 
He  inch  thickness 


Number 
of  tests 


»2 
«3 
«3 
»3 
«3 

•3 

»3 
«3 
»3 
»3 

»68 
»2 
»2 
»4 

»2 

»3 
»3 
•3 


Inch 
0.126 
.136 
.089 
.180 
.134 

.127 
.  150 
.  132 
.183 
.172 

.202 
.  192 
.185 
.176 

.184 
.  151 
.180 

.176 


Minimum 


Inch 

a  120 

.131 
.005 
.131 
.126 

.090 
.118  > 
.121 
.165 
.113 

.114 
.169 
.172 
.132 

.170 
.140 
.167 
.127 


Inch 
0. 124 
.134 

.080 
.161 


.  131 
.  125 
.176 
.143 

.168 
.180 
.  178 
.152 

.177 
.146 
.172 


>  Identification  of  serial  numbers  given  in  Table  1. 
1  Specimens  broken  alonvt  the  grain. 
»  Specimens  broken  across  the  grain. 


test  is  of  value  in  showing  the  flexibility  of  the  material. 
Other  properties  being  equal,  a  slate  of  high  toughness  is  less  apt 
to  break  under  a  given  strain  than  one  of  lower  toughness.  This 
property  is  sometimes  used  as  a  specification  requirement. 

4.  ABRASIVE  HARDNESS 

The  apparatus  used  in  determining  the  abrasive  hardness  values  given 
in  Table  5  is  described  in  detail  in  the  Proceedings  of  the  American 
Society  for  Testing  Materials,  volume  28,  part  2,  1928,  pages  855-867. 
The  result  is  expressed  as  a  reciprocal  of  the  volume  abraded  under 
controlled  conditions  in  a  given  period  of  time.  The  specimens,  which 
were  2  inches  square  and  1  inch  thick,  were  weighea  and  subjected 
to  the  abrading  process,  after  which  they  were  weighed  again.  By 
means  of  the  apparent  specific  gravity  of  the  material  the  weight 
loss  is  converted  to  volume,  since  this  gives  a  more  definite  basis  of 
comparison.    The  reduction  formula  is 


10  (2,000+  W,)G 
2,000  W. 
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in  which  W,  is  the  weight  of  the  specimen,  Q  the  apparent  specific 
gravity,  and  Wa  the  loss  of  weight  by  abrasion.  The  constant  load 
on  the  specimen  during  the  grinding  is  2,000  Q  which  is  augmented 
by  the  variable  weight  of  the  specimen.  In  applying  the  correction 
for  the  weight  W,  the  average  of  the  original  and  final  weights  is 
used.  The  reciprocal  relation  is  used  in  order  to  give  values  in  con- 
formity with  the  usual  conceptions  of  hardness;  that  is,  low  values 
for  soft  materials  and  higher  values  to  harder  materials.  The  factor 
10  in  the  numerator  is  used  arbitrarily  to  avoid  values  less  than  unity 
for  soft  materials. 

Table  5.— Results  of  abrasive  hardness  tests 


Serial  No.' 


1  

a... 

4... 
5... 
«... 


7.. 
8.. 
14. 

16. 

17. 
18. 
19. 
20. 
21. 


22... 
23... 

55... 


58. 


78.... 
81.... 


Number 
of 


Hardness  values  (//«) 


Number 
of  tests 

Maximum 

Minimum 

Average 

3 

9.4 

8.8 

9.1 

1 

9.8 

9.3 

9.6 

5 

8.0 

7.8 

7.7 

5 

7.8 

7.2 

7.5 

5 

7.2 

7.0 

7.1 

6 

15.2 

7.4 

11.7 

6 

7.8 

7.2 

7.5 

5 

8.5 

7.6 

8.0 

6 

9.0 

6.9 

8.3 

8 

8.1 

7.0 

7.6 

6 

9.2 

8.8 

9.0 

0 

8.7 

8.1 

8.5 

4 

8.9 

7.4 

7.9 

8 

12.2 

11.0 

11.8 

6 

7.9 

7.6 

7.7 

5 

7.8 

8.7 

6.9 

■  8 

9.3 

8.1 

8.7 

9 

7.2 

6.8 

6.9 

5 

7.2 

5.8 

6.5 

12 

7.2 

6.3 

6.S 

•18 

7.2 

6.2 

fi.6 

12 

8.4 

6.6 

ft.0 

»8 

7.2 

6.5 

6.9 

8.8 

8.5 

5.6 

6 

12.2 

9.9 

ltt9 

3 

8,7 

6.6 

5.6 

5 

8.9 

7.9 

8.4 

« Iden: 
»A11 
I 


of  serial  numbers  given  in  Table  1. 
>ntained  ribbons, 
contained  ribbons. 


A  comparison  of  the  Ha  values  in  Table  5  with  the  service  records 
of  various  slates  shows  considerable  evidence  that  hardness  is 
directly  proportional  to  durability.  However,  the  very  low  Ha  value 
for  one  slate,  which  has  so  thoroughly  established  its  good  weathering 
quality  by  long  service,  can  be  cited  to  prove  that  no  general  relation 
between  hardness  and  durability  exists. 

The  range  in  hardness  values  for  slates  from  different  districts  was 
not  found  to  be  as  great  as  for  other  materials  of  a  given  type,  as 
marble,  limestone,  etc.  The  average  and  extreme  H9  values  for 
various  regions  were  as  follows: 
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District 

Number  of 
tests 

//.  average 

Ha  maxi- 
mum 

H,  mini- 
mum 

8 

9.4 

9.8 

8.8 

72 

8.3 

15.2 

6.7 

Uard  Vein.  Pa  

9 

8.2 

9.3 

7.0 

0 

6.8 

7.0 

6.8 

P<*n      yl#  P&  

Virginia-.-'  

32 
18 

6.7 
6.3 

7.2 
7.2 

5.8 
5.6 

6 

5.6 

5.8 

6.5 

5 

10.9 

1X2 

9.9 

The  dark  "ribbons"  in  the  slates  from  Pennsylvania  are  usually 
more  resistant  to  abrasion  than  the  parts  of  the  slate  free  from  rib- 
bons. According  to  Dale  6  and  Behre,6  this  is  due  to  the  presence  of 
coarser  quartz  particles  in  the  ribbons. 

The  abrasive  hardness  of  the  material  is  of  interest  in  cases  where 
it  is  to  be  used  in  floors,  steps,  sills,  sinks,  table  tops,  etc.,  but  prob- 
ably has  no  significance  in  connection  with  roofing  slate. 

5.  ABSORPTION 

The  absorption  test  is  frequently  used  in  roofing-slate  specifications, 
and  there  appears  to  be  a  relation  between  absorption  values  ana 
weathering  qualities.  The  values  given  in  Table  6  were  determined 
on  slabs  from  4  to  6  inches  square  and  from  three-sixteenths  to  one- 
fourth  inch  thick.  These  were  dried  at  100°  C.  for  24  hours  for  the 
dry  weight,  and  then  completely  immersed  in  water  at  room  tem- 
peratures for  48  hours.  Absorption  results  are  given  in  percentage 
by  weight,  which  were  determined  by  dividing  the  weight  of  water 
absorbed  by  the  weight  of  the  dry  specimen.  The  weight  ratio  is 
commonly  used  in  specification  tests,  but  the  volume  ratio  is  a  more 
definite  means  of  comparison.  The  errors  arising  from  the  use  of  the 
weight  ratios  are  not  as  great  for  slate  as  for  most  other  materials, 
since  the  variation  in  "bulk  density"  from  one  slate  to  another  is 
comparatively  small. 


Table  6. — Results  of  absorption  tests 


Serial  No.* 

Number 
of  sam- 
ples 

Number 
of  tests 

Absorption 
Minimum 

by  weight 
Minimum 

Average 

Per  cent 

Per  cent 

Per  cent 

1 

9 

0.0$ 

0.05 

0.06 

2 

7 

.06 

.02 

.03 

1 

3 

.04 

.03 

.04 

4 

20 

.20 

.06 

.12 

5  

2 

8 

.11 

.07 

.09 

0.  — .  

2 

8 

.29 

.08 

.11 

2 

17 

.23 

.09 

.13 

»  

2 

8 

.20 

.11 

.12 

9  

1 

2 

.17 

.17 

.17 

1 

2 

.30 

.29 

.30 

11 

1 

1 

.25 

12   

I 
1 
1 
1 

1 
4 

6 
12 

.42 
.11 
.14 

.12 

H   

.15 
.15 
.18 

.09 
.12 
.00 

•  Identification  of  serial  numbers  given  in  Table  1. 


•  U.  8.  Geological  Surrey  Bulletin  No.  5xe 

*  Slate  in  Northampton  County,  Pa.,  Bui.  M9,  Topographic  and  Geologic  Survey  of  Pennsylvania,  1927. 
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[Vol.  9 


Serial  No. 


Number 
of  sam- 
pler 


Absorption  by  weight 


iber 

MtS 

Maximum 

Minimum 

Avemce 

it*  crnt 

J  CT  CCUl 

PtT 

cent 

0 
V 

U.  JO 

n  ii 

0. 16 

a 
0 

1 1 

.  11 

.  11 

6 

.14 

.10 

.  12 

6 

.14 

.12 

13 

in 

1  R 
.  10 

.  Ill 

.12 

0 

.  UD 

AK 

.  ua 

.06 

4 

.13 

.12 

.13 

43 

.37 

.10 

.16 

15 

.20 

.12 

.15 

4 

.26 

.21 

.  24 

64 

.35 

.14 

•  15 

34 

.37 

.  11 

•  17 

o 
o 

.  SO 

.  M 

•  vl 

A 

4 

At 

•  oo 

.60 

o 
0 

97 

•  M 

.26 

4 

.40 

.29 

.33 

24 

.43 

.16 

.26 

4 

.45 

.43 

.44 

4 

.80 

.28 

.  29 

14 

.  91 

.  M 

.26 

4 

.44 

.33 

.38 

10 

.44 

.24 

.32 

4 

•  34 

.31 

.32 

4 

.42 

.31 

.36 

OQ 
•  w 

91 

.22 

4 

.32 

.28 

.30 

4 

.33 

.26 

.30 

4 

.40 

.36 

.38 

27 

.38 

.24 

Oft 

.  30 

01 

■  ilV 

•  ii 

.24 

8 

.50 

.45 

.47 

7 

.33 

.29 

.31 

22 

.40 

.26 

.36 

13 

.32 

.26 

no 

o 
e 

M 
.  6i 

.  £» 

.30 

244 

.48 

.19 

.31 

34 

.32 

.19 

.26 

16 

.21 

.17 

.  IV 

12 

.50 

.27 

.41 

2 

.32 

.21 

.26 

28 

.67 

.26 

.44 

11 

.56 

.43 

.60 

61 

.32 

.20 

. » 

81 

.34 

.21 

9K 

.25 

4 

.21 

.19 

.20 

8 

.49 

.19 

.44 

12 

.14 

.10 

.12 

6 

.21 

.18 

on 

35 

.47 

.28 

*3A 

.  di© 

33 

.43 

.23 

.32 

8 

.46 

.42 

.45 

15 

.58 

.61 

.54 

40 

.35 

.21 

.26 

o 

* 

17 

.18 

AO 

10 

.31 

6 

.45 

.35 

.41 

14 

36 

30 

.34 

8 

.93 

.89 

.91 

21 

.04 

.00 

.01 

2 

.03 

.02 

.02 

13 

.  18 

.13 

.16 

14 

1.63 

1.23 

1.41 

6 

1.31 

1. 01 

1.12 

6 

.21 

.18 

.20 

4 

.28 

.25 

.27 

12 

.13 

.08 

.10 

4 

.50 

.64 

.57 

14 

.66 

.33 

.40 

6 

1.54 

1.09 

1.27 

16. 
17. 
18. 
19. 
20. 

21. 
22. 
23. 
24. 
26. 

26. 
27. 

28. 
29. 
30. 

31. 
33. 
34. 
35. 

86. 
87. 
38. 
39. 
40. 

41. 

ii: 

44. 

45. 

46. 
47. 
48. 
49. 

60. 

51. 
52. 

.« 
64 

55 
56 
57 
58 
59 

60 
61 
62 
63 

65 

66 
67 
6H 
69 

70 
71 
72 
73 
74 

75 
76 
77 
78 
89 

80 

81. 
82 
S3 
84. 


10 


10 


53 
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A  study  of  the  relations  between  absorption  and  certain  other 
properties  of  slate  has  been  made  by  computing  the  correlation 
coefficients.  A  high  degree  of  correlation  would  be  expected  to  exist 
between  absorption  and  porosity,  but  the  correlation  coefficient  ob- 
tained for  the  results  of  these  determinations  was  r  =  0.70.  Two 
factors  may  be  expected  to  influence  this  relation — first,  the  rate  of 
absorption  and,  second,  mineral  composition.  A  better  correlation 
between  these  properties  might  be  obtained  by  determining  the 
absorption  values  for  a  longer  period  of  immersion  and  using  the 
volume  ratio  instead  of  the  weight  ratio.  The  loss  of  strength  due  to 
9oaking  in  water  suggests  that  there  may  be*a  relation  between  the 
amount  of  water  absorbed  and  the  strength  loss;  however,  the  com- 
putation of  the  correlation  coefficient  for  these  values  gave  r  =  0.25, 
which  indicates  a  very  small  relationship.  In  the  acid  tests,  to  be 
described  below,  the  decay  is  caused  by  converting  the  particles  of 
calcite  to  gypsum.  Since  the  measurements  are  based  on  the  depth 
below  the  surface  to  which  the  decay  occurs,  one  might  expect  a 
relation  to  exist  between  the  absorption  values  and  the  depth  of 
softening  for  slates  of  similar  composition.  A  study  of  such  relations 
was  maae  from  61  determinations  on  the  slate  from  one  quarry  which 
gave  r  —  -0.18.  The  negative  value  indicates  a  reciprocal  relation, 
or  that  the  more  absorptive  slates  are  more  resistant  to  the  acid 
action.  The  reason  for  this  is  believed  to  be  due  to  a  variation  in  the 
calcite  content  of  the  various  samples  rather  than  to  differences  in 
absorption. 

The  average  absorption  and  the  range  (48  hours'  immersion)  in 
percentage  by  weight  for  various  regions  were  as  follows: 


District 


rniont-NejwYork 

r,  pa„„ :::::: 

Pen  Arjyl,  Pa...... 

Wind  Gap,  Pa  

Slatin&ton,  Pa  

Virginia  


Number  of 

A  bsorption 

tests 

Average 

Maximum 

Minimum 

27 
154 

77 
2S0 

Percent 
0.05 
.13 

.10 
.28 

Per  cent 
0.08 
.42 
.37 
1.24 

Per  cent 
0.02 
.05 
.10 
.11 

648 
91 
81 
61 

.30 
.38 
.29 
.00 

.75 
.58 
.45 
.31 

.11 
.23 
.17 
.00 

6.  POROSITY 

The  porosity  of  a  material  is  usually  expressed  as  a  percentage  of 
the  void  space  to  the  total  volume.  Table  7  gives  the  results  of 
several  porosity  determinations  on  slate.  The  values  were  deduced 
from  the  results  of  true  and  apparent  specific  gravity  determinations 
as  follows: 

Pl|100  (T-A) 

p  T — 

where  T  and  A  are  respectively  the  true  and  apparent  specific- 
gravity  values. 
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Table  7. — True  specific  gravity,  apparent  specific  gravity,  porosity,  and  weight  per 

cubic  foot 


Serial  No.« 


1  — 

2... 
3... 
4... 
5... 


6... 
7... 
8... 
14. _ 
15__ 

16.. 
17.. 
18.. 
10.. 


21. 
22. 
23. 
24. 
26. 

27. 
28. 
20. 
30. 
31 

32. 
33. 
36 

45 

46. 

40. 

50 

52. 
55. 


01. 

65. 
w. 

68. 


70 

71. 
72. 

73. 
76 
77. 
78. 


79. 
80. 
81. 

82. 


83. 
81. 
85. 
86. 


True  specific  gravity 


Num- 
ber of 
sam- 
ples 


Num- 
ber of 
tests 


Max  I- 
mum 


i: 


10 


2.  833 
2.831 


2.  803 
2.  782 

2.  776 
2.812 
2.  788 
2.814 
2.  828 

2.  SOS 
2.  821 
2.808 
2.  8011 
2.  805 

2.  775 
2.  810 


2.  71)5 
2.  775 


2.  MO 


20 


10 


2.  781 
2.  7  SO 

2.  800 

2.  80S 

'2.78S 
2.  812 

2.  700 


I  

4  j    2.  783 


2,  802 

2.  00* 

2  SXi 
2.  KM 
2.  svi 
2.813 

2.  832 


10 
I 

5 

■ 


Mini- 
mum 


2.816 
2.  826 


2.  708 
2.  778 

2.767 
2.  806 
2.  7SI 
2.810 
2.  825 

2.805 
2  810 
2.802 
2  SOS 
2.802 

2.  772 
2.  805 


2.  774 
2.760 


Aver- 
age 


2.  7'iO  1 
2.  770 


2.  765 
2.  780 


2  772 


2.  778      2.  780 


2.  780 
2  sou 

2.  8*0 
2.  S'M 
2.  S*7 
2.  .806 

2.  821 


2.  823 
2.  820 


2.  787 
2.780 


2,800 
2.  786 
2.812 
2.827 

2.806 
2.  820 
2.804 
2.800 
2.803 

2.774 
2.808 


2.  785 
2.772 


2  ,S,r> 

2.  7s<i 

2.  701 

2.7  SO 
2.  802 

2.  785 


2.  705 

"2."  80S' 

2.  878 
2.  MS 
2.  888 
2.  810 

2.  827 


Apparent  specific  gravity 


Num- 
ber of 
sam- 
ples 


2.  702      2.  802 


Num- 
ber of 
tests 


0 
6 
6 
18 
6 

G 
6 
6 
' 

e 

6 

5 
4 

1 

2 

47 

23 
2 
2 
6 
1 

17 

5 
10 


15 
' 

0 
o 

61 

(74 

3 
48 

21 
0 

34 
6 
. 

0 


17 


Maxi- 
mum 


2,  800 
2.  822 
2.800 
2. 776 
2.773 

2.  767 
2.803 
2.  770 
2.803 
2.612 

2  786 
2.811 
2.  7V5 
2.  702 
2.705 

2.  765 
2.  701 
2.  770 
2  700 
2.775 

2.  771 
2.  773 
2.780 
2.  780 
2.  764 

2.  776 
2.  802 
2.  701 
2.  760 
2.  784 

2.  751 
2.  767 
2.771 
2.747 
2.  760 

2.  780 
2.  760 
2.  754 
2.  787 
2.  713 

2.  77 1 

2.  773 
2.761 
2.  760 

2.  750 
2.  706 
2.811 
2.  874 

2.  757 
2.  700 
2.  0O3 
2.  778 

2.814 
2.  604 
2.  745 
2.  .27 


Mini- 
mum 


2  806 
2. 820 
2.  7V»6 
2.  758 
2.770 

2.  763 
2.  700 
2.  768 
2.  701 
2.810 

2.  782 
2.  806 
2.780 
2.78S 
2.  704 

2.  764 
2.  774 
2.  755 
2.766 
2,754 

2.751 
2.  771 
2.  778 
2.762 
2.  740 

2.  776 
2.  740 
2.774 

2.  760 
2.730 

2.738 
2.  761 
2.  753 
2.  741 
2.  750 

2.753 
2.  753 
2.730 
2.  736 
2.  738 

2.753 
2  770 
2.  761 
2.742 

2.  750 
2  777 
2.  774 
2.  868 

2.712 
2,  743 
2.  878 


2.  8O0 
2.  680 
2.  744 
2.71S 


Aver- 
age 


2.807 
2.  821 
2.804 
2  767 
2  772 

2. 764 
2.796 
2.769 
2.708 
2.811 

2.  7M 
2810 
2.  78S 
2  700 
2. 705 

2  764 
2  783 
2  764 
2  768 
2  763 

2.  758 
2  772 
2.770 
2.  772 
2  758 

2.  776 
2.  770 
2  783 
2.764 
2.763 

2.  743 
2.  764 
2  764 
2.744 
2  761 

2  768 
2.  756 
2.  748 
2.  753, 
2.  740 

2.  760 
2.  771 
2.  761 
2.  752 

2.  750 
2.  7SS 
2.  70S 
2.  871 

2,  754 
2.  75M 
2.888 
2.  778 

2.811 
2.  602 
2.  744 
2  723 


Po- 
rosity 

per 
cent 

by 

vol- 
ume 


0.57 
.28 

.74 
.29 

.29 
.46 
.61 
.50 
.57 

.78 
.35 
.57 
.68 
.29 

.36 
.89 


51 


.50 


.29 


1.51 


84 

.80 


1. 15 
1.72 


.04 

1.15 

\~14 

.03 

4.31 
3  16 

i.  14 


>  Identification  of  serial  numbers  given  in  Table  1. 
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Porosity  values  are  of  interest  in  studying  the  weathering  qualities 
of  a  material,  but,  in  general,  the  determination  is  too  difficult  and 
tedious  for  specification  purposes.  A  sufficiently  accurate  indication 
of  porosity  for  comparative  purposes  is  obtained  by  the  absorption 
test.  Evidently  the  porosity  value  for  any  material  should  be 
equal  to  or  greater  than  the  volume  absorption  value.  In  the  specific- 
gravity  determinations  the  true  value  was  determined  on  one  speci- 
ment  of  the  sample  and  the  apparent  on  another.  The  porosity 
values  are  so  small  that  a  slight  error  in  either  determination  or  a 
slight  variation  of  the  material  will  lead  to  erroneous  porosity  results. 

Most  of  the  porosity  values  found  were  between  0.3  and  1  per  cent, 
although  one  value  was  0.14  per  cent  and  another  over  4  per  cent. 
The  latter  was  obtained  on  a  sample  taken  from  the  surface  of  the 
ground  and  hence  is  not  representative  of  material  below  the  weath- 
ered zone. 

7.  SPECIFIC  GRAVITY 

The  "true  specific  gravity"  of  a  porous  material  may  be  consid- 
ered as  the  ratio  of  the  weight  of  a  certain  volume  of  material  to  the 
weight  of  the  same  volume  of  water  at  the  same  temperature,  assum- 
ing that  the  material  has  been  compressed  until  the  pores  are  entirely 
filled.  It  is  not  feasible  to  eliminate  the  pores  by  compression,  but 
the  material  can  be  pulverized  until  the  component  particles  are 
separated.  Determinations  given  in  Table  7  were  made  on  material 
pulverized  and  passed  through  a  100-mesh  sieve.  Various  types  of 
specific-gravity  apparatus  were  tried,  but  the  most  concordant  re- 
sults were  obtained  with  the  LeChatelier  flask.  As  this  apparatus 
requires  a  much  larger  sample  than  other  types  and  the  process  is 
less  tedious,  it  was  employed  for  the  tests.  By  using  considerable 
care  in  removing  the  air  from  the  powders  and  correcting  for  tempera- 
ture differences  between  the  initial  and  final  volume  readings  it  was 
found  possible  to  obtain  quite  consistent  results.  A  95  per  cent  ethyl 
alcohol  was  used  as  the  liquid,  since  there  was  no  difficulty  in  immers- 
ing all  of  the  powdered  material  in  it,  while  other  liquids  had  a  ten- 
dency to  float  some  of  the  fine  powder. 

The  apparent  specific  gravity  of  a  porous  material  is  the  ratio  of 
weight  of  a  certain  volume  of  the  material  in  its  natural  state  to  the 
weight  of  the  same  volume  of  water  at  the  same  temperature.  The 
results  given  in  Table  7  were  determined  from  dry  weights  of  regular- 
shaped  specimens  and  the  corresponding  volumes  obtained  by  weigh- 
ing the  saturated  specimens  immersed  in  water.  The  reduction 
formula  was 

A=  u>id 

where  W!  =  dry  weight  of  specimen,  d= apparent  density  of  the  water 
at  the  temperature  of  observation,  w2  =  weight  of  the  specimen  after 
immersion  in  water  for  48  hours,  and  w%  =  weight  of  saturated  speci- 
men suspended  in  water.  It  is  necessary  to  use  soaked  specimens  for 
determining  the  weight  suspended  in  water  to  prevent  errors  due  to 
absorption  during  the  operation. 

8.  WEIGHTS  PER  CUBIC  FOOT 

Having  determined  the  apparent  specific  gravity  or  "bulk  density" 
of  a  material,  it  is  only  necessary  to  multiply  this  value  by  the  weight 
of  a  cubic  foot  of  water  in  order  to  deduce  the  weight  per  cubic  foot 
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of  the  sample.  The  results  in  the  last  column  of  Table  7  were  ob- 
tained by  multiplying  the  average  apparent  specific-gravity  value  for 
each  sample  by  62.35.  The  average  and  extreme  weights  per  cubic 
foot  for  slate  from  various  districts  were  as  follows: 

Weight  per  cubic  foot 


Distrtc  t 


Number 
of  t*StS 


Average 


Maximum 


Minimum 


Vermont-New  York 

Hard  Vein,  Pa  

Bangor,  Pa  

Pen  Argyl,  Pa  

Wind  Gap,  Pa  

Slatlngton,  Pa  

Virginia  


16 
108 

186 
78 
51 
62 


Pound* 
175.3 
173.7 
172.7 
172,8 

172.4 
171.5 
172.2 
174.8 


Pounds 
176.1 
175.5 
173.2 
174.8 

174.0 

173.9 
173.0 
179.3 


Pou ndt 

174.3 
172. 1 
171. 0 
171.6 

170.9 
17a  7 
171.8 
173.  1 


The  above  values,  considered  in  conjunction  with  service  records 
of  the  slates,  afford  considerable  evidence  that  a  correlation  exists 
between  bulk  density  and  durability.  However,  as  will  be  shown 
later,  the  durability  of  slate  is  influenced  to  such  a  large  extent  by 
the  presence  of  small  amounts  of  certain  minerals,  it  would  not  be 
logical  to  base  judgment  upon  this  determination  alone. 

VI.  WEATHERING  CHARACTERISTICS 

1.  WEATHERING  PROCESSES 

In  the  studv  of  slate  weathering,  about  60  samples  of  old  shingles 
were  collected  which  had  been  exposed  to  the  elements  for  various 
periods  of  time  up  to  131  years.  Where  an  appreciable  amount  of 
decay  was  in  evidence  the  decayed  portion  was  subjected  to  a  partial 
chemical  analysis  to  determine  if  any  alteration  in  composition  of  the 
less  stable  minerals  had  occurred.  Specimens  were  also  subjected  to 
strength,  toughness,  and  absorption  tests  to  determine  the  physical 
alterations.    A  summary  of  these  results  is  shown  in  Table  No.  8. 

Table  8. — Summary  of  teett  on  weathered  elate 


PrmlUfitiK  rouion 

Sum- 
bn 
of 

sa  m- 
plrs 
r\fin:- 
med 

Aver- 

wea- 
ther- 
ing 
period 

Ave  rape  modu- 
lus o\  rupture 

Average 
tn  l(jhlH'SS 

value* 

A  vi  race 
absorption 
by  weight 

Indicated  change  per  year 
due  to  weathering 

* 

1"  rvsh 

Wi- 
ther- 
ed 
slit  e 

I'resli 
slitte 

Wi- 
ther- 
ed 
slut  i' 

Iresh 
slate 

\W:i- 
i  In  r- 

<-d 
shite 

Modu- 
lus of 
rupture 

Tough- 
n«ts 

Absorp- 
tion 

I.h*  1 

1>(T 

Prr 

Lhijin' 

m.' 

Inch 

Inch 

cent 

end 

r.bx./in* 

Inch 

Per  cent 

Mai  no.   

4 

40 

11.  700 

10.  100 

f).  1 7h 

f).  WS 

0.  do 

0.  00 

-:i5 

-0.  0002 

+0.0002 

Wririnnt-Ncw  York.. 

3 

40 

it;,  coo 

S,  700 

.  ni3 

.  lf.O 

.  13 

.23 

-47 

-.0007 

+0025 

Hard  Win,  Fa  

12 

64 

13.  tm 

9,  OIXJ 

.  201 

.  l'X 

.10 

.  N'} 

-85 

-oooc 

+0128 

Poft  Win.  Pa  1  

20 

24 

11.  700 

<>.  r,(X) 

.  201 

.  ISO 

.31 

. 

-100 

-.ooos 

+0154 

9 

SI 

10.500 

0,  GOO 

.  104 

.  144 

.  06 

.15 

-11 

-oooc 

+0011 

1  Slates  from  Bangor  and  Pea  Argyl  region. 


A  large  range  in  the  resistance  of  the  various  slates  was  evident  from 
the  examination  of  weathered  samples.  The  chemical  analysis  re- 
vealed, in  most  cases,  a  considerable  amount  of  gypsum  in  the 
weathered  portion,  while  the  fresh  slates  showed  almost  none.  It 
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seemed  probable,  therefore,  that  some  of  the  calcite  in  the  slate  was 
converted  to  gypsum  in  the  weathering  process.  Two  means  were 
considered  possible  for  this  change — first,  the  action  of  sulphur  acids 
from  the  air  on  the  calcite,  and,  second,  an  interaction  between  the 
sulphide  minerals  and  calcite.  Sulphides  of  iron  are  usually  present 
in  slate. 

If  gypsum  could  be  formed  from  an  interaction  of  the  constituent 
minerals  of  slate,  it  was  assumed  that  the  weathering  process  could  be 
simulated  in  the  laboratory  by  merely  soaking  and  drying  the  material 
several  times.  The  following  experiments  were  made  for  that  pur- 
pose: Three  samples  of  slate  were  selected  which  were  known  to  have 
poor  weathering  qualities.  Determinations  of  SO$  were  made  on  each 
in  the  original  condition  and  after  the  samples  had  been  subjected  to 
30  cycles  of  soaking  and  drying.  The  following  results  were  obtained : 


SO, 

Sample  No.  1 :  Per  cent 

(a)  In  original  condition..  0.01 

(6)  After  30  cycles  of  soaking  and  drying  50 

Sample  No.  2: 

(a)  In  original  condition  01 

(b)  After  30  cycles  of  soaking  and  drying  50 

Sample  No.  3: 

(a)  In  original  condition.  01 

(6)  After  30  cycles  of  soaking  and  drying.  _    .23 


A  portion  of  each  of  these  three  samples,  after  the  soaking  and 
drying  process,  was  powdered  and  leached  with  distilled  water.  The 
leach  was  then  filtered  and  evaporated.  An  abundance  of  crystals 
was  obtained  which  was  examined  with  the  petrographic  microscope 
and  proven  to  be  gypsum.  In  these  experiments  it  was  considered 
that  the  sulphur  acids  of  the  air  could  play  no  appreciable  part  and 
that  the  gypsum  was  due  practically  entirely  to  the  reaction  between 
the  calcite  and  sulphide  minerals,  the  oxygen  necessary  for  completing 
the  SO>  radicle  being  drawn  from  the  air. 

It  was  desirable  to  study  the  reaction  between  iron  sulphide  and 
calcite  alone  as  well  as  in  the  presence  of  carbon.  For  this  purpose 
four  mixtures  were  made,  as  follows:  (1)  Equal  parts  of  calcite  and 
pyrite;  (2)  equal  parts  of  calcite  and  marcasite;  (3)  same  as  (1)  with  a 
small  addition  of  carbon;  (4)  same  as  (2),  with  a  small  addition  of 
carbon.  The  four  mixtures  were  placed  in  open  beakers,  covered  with 
distilled  water,  and  allowed  to  stand  for  seven  hours  at  room  tempera- 
tures. The  beakers  were  then  set  in  a  drying  oven  at  110°  C.  for  17 
hours.  The  7  hours'  soaking  and  17  hours'  drying  constituted  a  cycle 
which  was  repeated  one  hundred  times.  The  water-soluble  matter 
was  then  extracted  and  determined  as  follows : 


Sample  No. 

CaSO, 

1  

Percent 

7.0 
2.3 
U.9 
8.0 

2  

3  

These  experiments  indicate  that  a  chemical  reaction  between 
pyrite  and  calcite  or  between  marcasite  and  calcite  occurs  under  such 
conditions  and  results  in  the  formation  of  gypsum.  They  also 
indicated  that  the  presence  of  carbon  accelerates  the  rate  of  reaction. 
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Since  this  chemical  change  has  been  found  to  occur  in  slates  con- 
taining appreciable  amounts  of  calcite  and  iron  sulphides,  it  remains 
to  be  considered  how  this  may  produce  decay.  The  gypsum  molecule 
requires  about  twice  as  much  space  as  the  calcite  molecule,  hence  the 
conversion  to  gypsum  of  a  calcite  crystal,  which  is  embedded  in 
another  material,  must  produce  stresses  in  the  surrounding  material. 
Slates  containing  considerable  amounts  of  both  pyrite  and  calcite, 
when  subjected  to  several  cycles  of  soaking  and  drying,  disintegrated 
almost  completely.  Slates  of  the  same  kind  in  actual  exposure  on  the 
roof  of  a  building  are  found  to  decay  more  rapidly  on  the  unexposed 
parts.  This  seems  to  indicate  that  in  service  the  solubility  of  gypsum 
comes  into  consideration.  As  the  rain  water  leaches  downward 
through  the  slate  some  of  the  gypsum  is  carried  in  solution  and 
deposited  at  a  lower  level.  By  tnis  process  the  gypsum  is  con- 
centrated on  the  lower  sides  of  shingles  and  the  recrystallization 
within  the  pores  causes  internal  stresses.  The  analyses  made  on 
weathered  shingles  showed,  in  most  cases,  a  concentration  of  gypsum 
in  the  decayed  parts. 

Soaking  and  drying  tests  have  been  made  on  numerous  samples  of 
slates  which  were  known  to  have  poor  weathering  qualities  by  drying 
at  110°  C.  for  17  hours  and  soaking  7  hours.  Under  such  conditions 
some  of  the  samples  showed  signs  of  decay  in  30  cycles  and  an  ad- 
vanced state  of  disintegration  in  less  than  50  cycles.  Some  producers 
contended  that  the  drying  temperatures  were  too  high  in  these  tests 
and  out  of  proportion  to  those  of  service  conditions.  For  this  reason 
a  series  of  tests  was  made  in  which  the  drying  temperature  was 
50°  C.  This  temperature  was  assumed  to  be  about  equivalent  to 
roof  temperatures  on  hot  summer  days.  The  results  are  given  in 
Table  9,  and  show  that  the  deterioration  occurs  under  such  conditions 
but  at  a  much  slower  rate. 


Table  0. — Soaking  and  drying  tests  with  absorption  and  weight  determinations 

after  200  cycles  1 


Serial  No.' 

Specimen 

No. 

Average  absorp- 
tion l>v  weight 
of  specimens 

A  venitfc 
change  in 
weight  of 
speci- 
mens 

;  1 

Final  appearance  of 

;  v. ', 


Original 
condition 

After  200 
cycles 

1   

{  i 
{  i 
!  i 
1  i 
1  1 
1  1 

Per  cent 

0.  OfJ 

.02 
.<W 

.  OS 

1 

1  •» 

Per  cent 

0.08 

.04 
.14 
.13 
.12 
.  PJ 

Per  cent 

-0.05 

-.05 
-.00 

-.05 
-.03 
-.03 

'. 

f\'o  apparent  change. 

Do. 

Do. 
1  Do. 
1  Do. 

Do. 
|  Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

2  

4  .  

5  

0.  

7    

1  In  the  first  100  cvcles  euch  cycle  consisted  of  17  hours  drying  nt  50°  C,  followed  by  7  hours  immersion  In 
w utcr  Ht  room  temperatures.  In  the  second  100  cycles  each  cycle  consisted  of  24  hours  drying  at  60*  C. 
and  24  hours  immersion  In  water  at  room  temiwratures.  '  • 1  '  '« 

*  Yot  identification  of  serial  numbers  see  Table  1.  .■«r'-»'i»«i 
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Table  0. — Soaking  and  drying  testa  with  absorption  and  weight  determinations 

after  £00  cycles — Continued 


Serial  No. 


8.. 
14. 
18- 
16. 
17. 
18. 
19. 


65- 
66- 
69. 
76. 
81- 


Speclmcii 

No. 


1 

2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 

»2 
»3 
1 
2 
3 
1 
2 
3 
1 

»2 

3 
1 

2 
3 
1 

»2 

»3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 


Average  absorp- 
tion by  weight 
of 


Original 
condition 


Per  cent 

an 

.14 
.12 
.16 
.11 
.12 
.13 
.10 
.06 
.13 
.16 
.17 
.14 
.39 
.22 
.27 
.36 
.32 
.26 
.01 
.20 
.27 
•  .10 


After  200 

cycles 


Average 
change  in 
weight  of 

sped' 


Per  cent 
0.16 

.15 

.12 

.22 

.12 

.16 

.19 

.11 

.07 

.18 

.32 

.27 

.19 

.60 

.33 

1.64 

.70 

.77 

.64 

.02 

.25 

.32 

.18 


Per  cent 
+0.04 

-.01 

-.04 

+.05 

-.03 

-.03 

-.04 

.00 

-.02 

-.06 

-.04 

-.06 

-.04 


-.02 
+.03 
-.50 
.00 
-.04 
+.02 
-.07 
-.04 


Final  appearance  of 
sl*>clmens 


No  apparent  change. 

Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 

Hair  cracks  on  2  edges. 
No  apparent  change. 

Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 

Hair  cracks  on  4  edges. 
No 


apparent 


Do. 

Hair  cracks  on  1  edge. 
Cracks  along  2  edges. 
No  apparent  change. 
Hair  cracks  on  1  edge. 
No  apparent  change. 
Hair  cracks  on  2  edges. 
Ilair  cracks  on  1  edge. 
Noappi 

Do. 
Do. 
Do. 

Ribbon  badly  < 
No  apparent  change. 
Hair  cracks  on  4  edges. 
Hair  cracks  on  3  edges. 
Hair  cracks  on  4  edges. 
No  apparent  change. 
Ribbon  disintegrated. 
Do. 

Hair  cracks  on  4  edges. 

Do. 
Do. 
No  apparent  < 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 


>  Specimens  contained  a  dark  ribbon.   Those  not  so  marked  are  clear  slate. 


Digitized  by  Google 


404 


Bureau  of  Standards  Journal  of  Research 


In  order  to  determine  if  a  relation  exists  between  the  results  obtained 
in  the  soaking  and  drying  tests  and  the  resu  ts  of  actual  weathering  it 
is  necessary  to  have  some  definite  measure  of  the  deterioration.  It  is 
fair  to  assume  that  a  decrease  in  strength  or  an  increase  in  absorption 
is  indicative  of  deterioration.  In  Table  9  is  shown  the  computed  rate 
of  "strength  loss"  and  "absorption  increase"  per  year  for  weathered 
slate  from  five  producing  districts.  These  rates  are  based  on  the 
average  strength  and  absorption  results  obtained  on  the  fresh  material 
as  compared  to  the  results  obtained  on  slate  shingles  after  exposure  to 
the  weather.  It  was  found  that  these  yearly  rates  of  change  were 
approximately  one-twentieth  part  of  the  corresponding  changes 
obtained  in  200  cycles  of  the  soaking  and  drying  test  when  the  speci- 
mens were  dried  at  50°  C.    Figure  4  shows  the  ' '  absorption  increases ' ' 


Slate  Producing  Dish-ich 


Figtre  4. — Relation  between  strength  loss  for  20  years  weathering,  absorp- 
tion increase  for  20  years  weathering  and  absorption  increase  in  the  soaking 
and  drying  test 


Plotted  points  are  the  respect  ive  a 
Vermont-New  York;  C,  Hard  Vein,  Pa.: 


of  nil  specimens  from  five  districts  as  follows:  A,  Maine;  fl, 

,  Soft  VebVPa.,  E,  Virginia. 


obtained  in  the  soaking  and  drying  tests  plotted  with  the  computed 
"absorption  increases"  and  "strength  losses"  for  20  years  weathering. 
These  curves  indicate  that  the  soaking  and  drying  test  gives  results 
similar  to  those  of  actual  weathering. 

Thermal  expansion  and  contraction  of  the  component  minerals  has 
often  been  mentioned  as  a  possible  cause  of  deterioration.  This  was 
studied  by  means  of  a  series  of  tests  on  samples  from  five  districts. 
The  samples  were  heated  in  an  oven  for  17  hours  and  laid  out  in  the 
laboratory  for  7  hours.  Two  of  the  samples  were  disintegrated  by 
63  cycles  but  the  others  were  continued  in  the  test  to  554  cycles. 
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Figure  5. — Photomicrograph  of  calcium  sulphate  crystals  obtained  by  evapo- 
rating the  leach  from  a  sample  of  Pen  Argyl  (Pa.)  slate  which  had  been  heated 
and  cooled  $10  cycles 


Figure  6.- — Photomicrograph  of  calcium  sulphate  crystals  obtained  by  evapo- 
rating the  leach  from  a  sample  of  Bangor  tPn.i  ribbon  slate  that  had  been 
heated  and  cooled  64  cycles 
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The  results  were  judged  by  means  of  inspection  and  by  absorption 
tests  after  25,  50,  and  554  cycles.    The  detailed  results  are  given  in 
Table  10.    The  s  ates  which  had  previously  shown  a  high  resistance  to 
the  soaking  and  drying  test  showed  little  deterioration  in  the  heating 
and  cooling  procedure.    As  those  samples  which  decayed  in  this  test 
presented  about  the  same  appearance  as  samples  which  decayed  in  the 
soaking  and  drying  test,  they  were  examined  for  gypsum  and  it  was 
found  in  considerable  amounts.    Figures  5  and  6  are  photomicro- 
graphs of  the  crystals  obtained  by  leaching  serial  Nos.  58  and  27, 
respectively.    Hence,  it  is  probable  that  decay  was  caused  mainly  by 
the  formation  of  gypsum.    Most  of  the  samples  showed  considerable 
resistance  to  the  heating  and  cooling  process,  especially  those  of  low 
calcite  content,  which  seems  to  indicate  that  the  effect  of  temperature 
changes  on  slate  is  slight  unless  it  results  in  such  chemical  alterations 
as  described  above.    The  tests  also  indicate  that  considerable  amounts 
of  moisture  are  not  necessary  to  bring  about  the  reaction.  Further- 
more, they  supply  a  cue  to  the  cause  of  decay  sometimes  noted  on 
interior  slate  installations. 

Table  10. — Effect  of  repeated  heating  and  cooling  on  slates  from  five  different  regions 


■ 

15 
23 

2C 

S3 


Observed  condition  of  specimens 


After  20  cycles 


After  83  cycles 


Nn  visible  CTect-._. 

 .Jo   

.....do  

 do..  

Swelling  at  ribbon  . 
No  visible  effect... . 

S'A-ellir.5  at  ribbon . 


No  vWble  effect.. 

 do.  

 do  

 do..  

Biidly  decayed... 
No  visible  eirect. 


Badly  decayed. 


After  100  cycles 


No  visible  effort.. 

_-.-do,  -  .......... 

-  ..-do  — 

....do  

::::doV;::::::::: 


After  554  cycles 


No  visible  effort.. 

.....do  

Swelling  at  rib- 
bons J 
No  visible  effect.. 


Considerable  de- 
cay. 


Per  cent  absorj>- 
tion  by  weight 
after  48  hour 
immersion 


■3§ 
c  — 


0.04 
.  IS 
.  VI 

.32 
.48 
.37 

.4f. 


1. 04 
.  16 
.  12 

.24 
1.76 
.40 

1.20 


5'i 


0. 02 
.  15 
.10 

.23 
(J) 
2. 88 

(») 


5* 


0.  04 
.16 
.40 


i  Identification  of  serial  numbers  given  in  Table  1. 

1  On  I  .specimen  the  ribbons  were  crumbling  at  the  surface. 

» Specimens  were  too  badly  decayed  for  absorption  determination.  1  specimen  of  No.  58  was  ia  an 
advanced  state  of  decay  at  310  cycles. 

Frost  action  is  considered  to  be  one  of  the  common  causes  of  stone 
weathering.  Table  11  gives  the  results  of  freezing  tests  on  18  samples 
from  the  various  districts.  The  samples  were  slabs  4  inches  square 
and  approximately  one-half  inch  thick.  They  were  soaked  14  days 
before  freezing  was  started  and  then  thawed  each  time  by  immersion 
in  water  at  albout  20°  C.  for  30  minutes.  The  temperature  of  the 
freezing  chamber  was  maintained  at  approximately  — 10°  C.  and  two 
freezings  were  made  each  day.  In  these  tests  only  one  sample  failed 
and  this  occurred  after  1,374  cycles.  This  sample  was  originally 
taken  from  the  surface  of  the  ground  and  showed  signs  of  weathering 
when  received.  Five  of  the  samples  were  continued  in  the  test  until 
2,436  cycles  were  reached  and  the  others  were  discontinued  after  1,743 
cycles.  The  results  were  judged  by  inspection  and  by  absorption 
tests. 


132919—32- 
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[Vol.  9 


Average  absorption  by 
weight 

Remarks 

A  « 

B» 

C  • 

Per  cent 

Per  cent 

Per  cent 

0.  15 

0.08 

0.06 

f^h'irn    rnrnAM    ftttflHMfl    flff    it\  *U»niC 

.29 

.22 

.16 

/Comers  chipped  off  in  places  and  some 
\  cleavage  cracks. 

.39 

.33 

.15 

/Corners  chipped  slightly  and  some  seal- 
\  lng  on  cleavage  faces. 

I  .34 

.29 

.14 

Do. 

.46 

.38 

.19 

/Considerable  scaling  on  cleavage  faces; 
I  more  in  evidence  at  ribbons. 

.36 

.28 

.15 

(LiTecis  mainly  connnen  to  scaling  on 
\  cleavage  faces. 

.43 

.38 

.24 

Some  scaling  on  cleavage  faces. 

f 

I  .46 

.43 

.25 

/Considerable  scaling  on  cleavage  faces; 
\  more  pronounced  at  ribbons. 

1  •  .69 

.63 

.35 

/Considerable  scaling  on  cleavage  faces 
\  and  corners  chipped. 

Speci- 
No.i  men 
No. 


1 

2 
3 
4 
5 
6 

1 

a 

3 
4 

a 

6 

1 
2 
8 
4 
5 

e 

i 

2 
8 
4 
5 
8 

1 
2 
S 
4 
5 
8 

1 
2 
8 
4 
5 
6 

1 
2 
3 
4 
5 
6 

1 
2 
8 
4 
8 
0 

1 

2 
3 
4 

6 


Num- 
ber of 
cycles  I 


1,743 


2.  436 


Condi- 
tion » 


1,743 


1,  743 


2,436 


2,436 


1,  743 


1,743 


1,743 


b 
b 
b 
d 
e 
o 

b 
b 
b 
b 

c 
e 

c 
e 
e 
c 
c 
o 

c 
e 
o 

0 
c 

c 

d 
d 
e 

d 
c 
d 

6 
c 
c 

d 
c 
d 

o 
c 
c 
c 
c 
b 

d 
e 

0 

c 
0 

e 

e 

e 

c 
e 

c 


1  Identification  of  serial  numbers  given  in  Table  1. 
1  A  cycle  consisted  of  1  freezing  and  1  thawing  as  outlined  on  p.  405. 


»  The  final  state  of  the  specimens  was  estimated  by  inspection  and  expressed  in  8  stages  as  follows:  "a" 
signifies  no  decay,  "h"  advanced  state  of  decay.  The  intervening  letters  represent  about  equal  stages  of 

1  thawing  process, 
the  freezing  procedure  and 


decay  between  "a"  and  "h. 
|  Perce  ni 

for  48  hours. 


tage  of  water  absorbed  during  the  freezing  wid  thawing  process. 


'  Absorption  obtained  by  drying  the 

48  hours. 

*  Absorption  of  samples  in  original  condition. 
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Serial  No.« 


72. 

78. 

79. 
80. 


Speci- 
men 

No. 


Num- 
ber of 
cycles ' 


1,743 


1,743 


2,436 


Condi- 
tion* 


2,  436 


c 
c 
c 
c 

(1 
(1 

h 
d 
d 
c 
c 
d 

e 
e 
d 
d 
c 
c 

fl 

a 
a 
a 
n 
□ 


AvernRe  absorption  by 
weight 


A  • 


Per  cent 


0.  65 


54 


1, 374  h 

i,  ml  h 

1, 374  b 


}  ** 743  |{ 


d 
d 


.73 


01 


1.  49 


B  • 


Per  cent 
0.56 


.  46 


.64 


.45 


1.2S 


C« 


Per  cent 


Remarks 


n  M  /Surface  scaling  on 
a32  \   ners chipped. 


26 


.15 


1.41 


1.  12 


Some  specimens  scaling  considerably. 


No  definite  sign  of  decay. 


Cracked  and  crumbled. 


f  Surface  scaling  and 
L  cracks. 


See  footnotes  on  p.  406. 

While  all  of  the  samples  showed  an  increase  in  absorption  after 
repeated  freezing  and  thawing,  and  while  surface  scaling  was  observed 
in  most  cases,  it  can  not  be  said  that  any  sample  (except  one  men- 
tioned above)  had  reached  an  advanced  state  of  decay.  In  view  of 
the  large  number  of  cycles  of  freezing  it  may  be  concluded  that  the 
action  of  frost  on  slate  is  not  a  very  serious  cause  of  decay.  This  is 
especially  true  of  those  slates  which  are  subject  to  the  chemical  changes 
discussed  above,  since  that  action  is  several  times  as  severe.  How- 
ever, it  should  be  considered  that  when  decay  has  started  from  any 
cause  then  frost  action  can  proceed  at  a  more  rapid  rate. 

2.  WEATHERING  TEST  PROCEDURE 

The  soaking  and  drying  test  requires  a  month  or  more  to  carry 
the  weathering  process  to  a  definite  visible  stage.  A  more  rapid 
acceptance  test  is  often  desirable.  Several  procedures,  such  as  the 
change  in  strength  or  absorption,  have  been  used  to  measure  the 
effects  of  the  weathering  test  at  some  intermediate  stage  of  the  proc- 
ess. The  strength  criterion  has  not  proven  very  satisfactory, 
because  one  can  not  determine  the  original  strength  of  the  actual 
specimens  used  in  the  weathering  test.  Detenninations  on  separate 
specimens  of  the  sample  may  prove  very  misleading,  due  to  the 
natural  variation  of  the  material.  Figure  7  shows  the  averago 
strength  losses  for  a  large  number  of  specimens  after  10, 20,  and  30  cycles 
of  soaking  and  drying.   In  this  series  of  tests  the  specimens  were  dried 
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17  hours  at  110°  C.  and  soaked  7  hours  at  about  20°.  This  shows 
that  the  strength  loss  up  to  20  cycles  is  slight  and  unless  a  large 
number  of  specimens  are  averaged  the  effect  might  not  be  discerned. 
Absorption  tests  can  be  made  on  the  same  specimens  before  and 
after  the  soaking  and  drying  process,  and  such  tests  afford  a  more 
reliable  criterion  than  strength  determinations.  An  indirect  means 
which  offers  considerable  promise  consists  in  determining  the  gypsum 
content  of  the  sample  before  and  after  the  weathering  process,  and 
using  the  gypsum  increase  as  a  measure  of  weathering. 

A  test  procedure  which  has  been  used  to  some  extent  for  judging 
the  weathering  qualities  of  slate  consists  of  soaking  the  specimens  for 
seven  days  in  a  1  per  cent  solution  of  sulphuric  acid.  The  depth  of 
softening  is  then  determined  by  gaging  the  thickness  of  the  specimens 
at  several  points,  scraping  off  the  softened  layer  at  these  points  and 
gaging  again.  By  using  a  dull  blade  for  the  scraping  and  standard- 
izing the  conditions  of  the  process  it  is  possible  to  obtain  fairly 


0      5      10      15      20     25  30 
Number  of  Cycles 

Figure  7. — Average  strength-lose  for  16  samples  of  slate  from  1 
district  after  10,  BO,  and  SO  cycles  of  soaking  and  drying 

consistent  results.  This  test  converts  the  calcite  near  the  surface  to 
gypsum  and  causes  decay  similar  to  that  obtained  in  the  soaking 
and  drying  test.  Slates  which  have  a  low  calcite  content  are  not 
appreciably  affected  by  this  test.  The  absorption  of  the  slate  may 
have  a  marked  effect.  Evidently  this  test  would  lead  to  erroneous 
conclusions  if  applied  to  slates  containing  considerable  calcite,  but  very 
little  sulphide  of  iron.  All  of  the  slates  now  being  produced  in  this 
country  contain  considerable  amounts  of  pyrite  so  the  acid  test  is 
applicable  to  pur  present  commercial  materials. 

Table  12  gives  the  results  of  such  tests  on  several  samples  repre- 
senting the  various  producing  districts.  Figure  8  shows  the  relations 
obtained  by  plotting  the  average  acid  resistances  of  slates  from  the 
various  districts  witn  absorption  increases  due  to  actual  weathering 
as  well  as  absorption  increases  noted  in  the  soaking  and  drying  test. 
This  test  indicates  no  appreciable  difference  between  the  durability 
of  slates  from  districts  A,  B,  and  E,  all  of  which  are  generally  accepted 
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to  be  durable  materials.  It  does  show  a  greater  difference  between 
districts  C  and  D  than  is  indicated  by  either  the  soaking  and  drying 
test  or  by  the  examination  of  weathered  samples.  The  test  is 
advantageous  in  cases  where  the  results  must  be  had  in  a  short  period 
of  time.  It  seems  to  be  fairly  reliable  in  distinguishing  between  the 
good  and  poor  grades  within  certain  districts  but  its  general  appli- 
cation to  all  types  of  slates  is  not  justified  by  the  results  of  this 
investigation. 

.008  c 

I 

.007  I 
E 


.006 


005 

C  Cvl 

.004. 


003 


00Z 


<8 


.001  ^ 
Q. 


Slate  Producing  Districts 


Figure  8. — Relation  between  absorption-increase  for  20  years  weathering, 
absorption  increase  during  soaking  and  drying  test  and  depth  of  softening 
in  sulphuric  acid  test 

Plotted  points  are  the  respective  averages  of  all  the  specimens  from  five  districts  as  follows: 
A,  Maine;  B,  Vermont-New  York;  C,  Hard  Vein,  Pa.;  D,  Soft  Vein,  Pa.;  E.  Virginia. 

Table  12. — Sulphuric  acid  tests  with  depth  of  softening  measurements  after  seven 

days  in  1  per  cent  H2SOt 


Number 

Serial  No  i 

of  sam- 
ples 

Num!;tr 
of  t»?«s 

Mini- 
mum 

Mini- 
mum 

l    

1 

K 

Inch 
0.  002 

Jvch 

o.  ooo 

Inch 
0.  001 

2 

!<; 

.003 

.  000 

.002 

3   

4 

.001 

.000 

.001 

4 

.001 

.000 

.001 

5  -  -  --- 

8 

•  IWJ 

.000 

.001 

f\     -. 

8 

.  003 

.001 

.002 

8 

.001 

.000 

.1X11 

8 

.00:1 

.000 

.  00'.! 

13  -   

0 

.O0J 

.001 

.001! 

8 

.002 

.001 

.001 

i  Identification  of  serial  : 


in  Table  1. 
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Table  12. — Sulphuric  acid  test*  with  depth  of  softening  measurements  after 

days  in  1  per  cent  H%SO(— -Continued 


No. 


15. 
16. 
17. 
18. 
19. 


21. 
23. 
24. 
25. 


42. 
45. 
47. 

49. 

51. 

52. 


53. 
54. 
56. 
57. 


61. 
62. 
63. 
67. 

72. 
73. 
74. 
75. 
76. 


81. 
82. 
83. 
85. 


Number 
of  sain- 


40 

2 
1 
2 
1 
3 

1 
1 
2 
1 
1 

1 
1 
1 
1 

3 

1 
i 
1 

2 


Depth  of  softening 


Number 
of  tests 


8 
8 
8 
S 
8 

8 
8 

26 
12 
6 

14 

fi 
3 
4 
fi 

fi 
9 
9 
0 
f! 

150 
4 
3 

10 
6 

15 

C 
6 
16 
8 
6 

2 
C 

3 

20 

8 

8 
8 
24 


Mali- 
mum 


Inch 
a  001 
.002 
.001 
.001 
.002 

.001 
.003 
.005 
.006 
.007 

.024 
.018 
.012 
.017 
.016 

.016 
.007 
.024 
.011 
.004 

.017 
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VII.  CONCLUSIONS 

1 .  The  flexural  strength  of  slate  is  much  higher  than  other  types  of 
rock  used  for  structural  purposes.  Although  most  slates  are  stronger 
across  the  grain  than  along  the  grain,  this  ratio  varies  greatly  with 
different  deposits.  The  effect  of  moisture  in  decreasing  the  strength 
is  more  marked  than  for  other  common  types  of  rock. 

2.  The  elastic  modulus  of  slate  is  high  in  comparison  with  other 
types  of  rocks.  The  hi^h  flexural  strength  of  the  material  enables 
it  to  be  used  in  relatively  thin  slabs  which  have  considerable 
flexibility. 

3.  Although  the  porosity  determinations  in  some  cases  were  of 
rather  uncertain  precision,  they  seem  to  indicate  that  the  void  spaces 
in  slate  are  usually  less  than  2  per  cent  of  the  volume. 

4.  The  bulk  density  (apparent  specific  gravity)  of  slate  varies 
between  the  limits  2.74  and  2.89,  the  average  being  2.78. 
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5.  The  abrasive  hardness  of  slate  is  about  equal  to  that  of  the  harder 
oolitic  limestones  in  present-day  use  in  this  country. 

6.  Slate  is  probably  affected  to  some  extent  by  frost  and  atmos- 
pheric acids,  but  the  major  weathering  action  is  due  to,  first,  chemical 
interaction  between  certain  mineral  constituents  and  second,  internal 
stresses  resulting  from  the  newly-formed  compounds. 

7.  The  weather  resistance  is  decreased  by  appreciable  amounts  of 
calcite  and  pyrite  existing  together.  The  presence  of  free  carbon 
with  these  two  minerals  lessens  weather  resistance. 

8.  Tests  on  several  samples  of  weathered  slate  shingles  indicate 
that  the  early  stages  of  decay  are  accompanied  by  an  increase  in  absorp- 
tion and  decrease  in  strength.  These  facts  may  be  found  of  value  m 
deciding  upon  the  use  of  shingles  which  have  been  exposed  to  the 
weather  for  a  few  years  at  the  plant  or  the  reuse  of  shingles  removed 
from  a  building. 

9.  The  most  reliable  weathering  test  for  slate  appears  to  be  the 
soaking  and  drying  test.  For  the  slates  now  being  produced  in  this 
country  the  sulphuric  acid  test  gives  a  sufficiently  accurate  indication 
of  weathering  qualities  for  specification  purposes.  For  slates  con- 
taining a  considerable  amount  of  calcite  but  no  pyrite  the  sulphuric 
acid  test  would  probably  lead  to  erroneous  conclusions. 

10.  The  possibility  of  injury  to  slate  due  to  diurnal  temperature 
changes  alone  is  remote.  The  chemical  transformations  occurring  in 
slates,  containing  considerable  amounts  of  calcite  and  pyrite,  proceed 
even  in  dry  weather,  but  at  a  much  slower  rate  than  when  more 
moisture  is  present.  This  fact  probably  accounts  for  the  decay  some- 
times noted  in  cases  of  interior  slate  construction. 

1 1 .  Color  changes  in  slate  are  of  two  kinds :  First,  those  due  to  con- 
cealment of  the  true  color  by  an  efflorescence  giving  the  effect  of  fading, 
and,  second,  oxidation  of  ferrous  minerals  resulting  in  a  more  perma- 
nent color. 

12.  The  so-called  fading  of  dark-colored  slate  is  confined  mainly 
to  those  varieties  containing  considerable  amounts  of  calcite  and 
pyrite.  This  phenomenon  accompanies  the  weathering  process  and 
is  believed  to  be  a  result  of  the  same  chemical  changes  which  produce 
decay.  Color  changes  due  to  the  oxidation  of  ferrous  minerals  are 
confined  mainly  to  certain  varieties  of  green  slate  and  results  in  a 
change  from  green  to  brown.  Occasionally  dark-colored  slates  take  on 
a  brown  color  after  exposure  to  the  weather.  This  appears  to  be  due 
to  a  decomposition  of  the  pyrite  and  oxidation  of  the  iron  compounds. 

Washington,  June  21,  1932. 
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RADIATION  FROM  CESIUM  AND  OTHER  METALS 
BOMBARDED  BY  SLOW  ELECTRONS 

By  C.  Boeckner 


ABSTRACT 

The  absolute  intensity  and  intensity  wave-length  distribution  of  the  radiation 
from  Cs,  Cr,  Ni,  Mo.,  and  W  is  measured  and  found  to  be  similar  for  all  five  metals. 
Control  measurements  are  also  made  allowing  the  effect  of  surface  contamination 
to  be  estimated.  It  is  found  that  the  radiation  from  contaminated  surfaces  is 
usually  much  more  intense  than  from  clean  metals.  It  is  pointed  out  that  the 
similarity  between  the  radiation  from  caesium  and  other  metals  makes  it  probable 
that  the  radiation  is  analogous  to  the  continuous  X  rays  and  is  not  due  to  the 
excitation  of  electron  levels  characteristic  of  the  metal. 
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I.  INTRODUCTION 

It  has  been  observed  in  this  laboratory  that  a  small  metal  electrode 
(Langmuir  probe),  drawing  a  heavy  electron  current  in  a  gas  dis- 
charge, emits  radiation.  The  properties  of  this  radiation,  dependence 
upon  the  metal  used  as  electrode,  the  energy  of  bombarding  electrons, 
etc.,  have  been  set  forth  in  two  previous  papers.1 

The  principal  facts  may  be  summarized  as  follows:  The  spectrum  of 
radiation  is  continuous  and  of  almost  constant  intensity  throughout 
the  visible  and  ultra-violet.  Exceptions  are  silver  and  copper  which 
possess  intense  selective  emission  bands.  The  absolute  intensity  of 
the  radiation  for  most  metals  is  about  the  same.  For  electron  ener- 
gies of  2  or  3  volts  the  spectrum  has  a  short  wave-length  limit,  the 
frequency  of  which  is  connected  with  the  work  function  of  the  metal 
and  the  electron  energy  by  the  familiar  Einstein  photo-electric  equa- 
tion. The  intensity  of  the  radiation  is  of  the  oraer  expected  for  the 
"bremsstrahlung"  produced  by  electrons  with  energies  of  the  order 
used,  which  suggests  that  the  radiation  is  similar  in  orgin  to  the  con- 
tinuous X  rays. 

The  present  work  is  a  continuation  of  the  studies  described  in  the 
first  two  papers  in  the  earlier  work.  The  absolute  intensity  measure- 
ments were  few  and  the  results  discordant.  It  was  therefore  decided 
to  make  more  extensive  absolute  measurements  and  at  the  same  time 
look  for  unknown  factors,  such  as  surface  contamination,  which  might 
influence  the  results. 


»  F.  L.  Mohlcr  and  C.  Boeckner,  B.  8.  Jour.  Research,  vol. « (RP2V7),  p.  673, 1931;  vol.  7  (RP371),  p.  751, 
1931. 
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It  was  also  decided  to  measure  the  radiation  from  several  metals  not 
studied  previously,  namely,  Cs,  Cr,  Mo,  and  Ni.  The  radiation  from 
c cesium  was  considered  of  particular  interest  because  of  the  exceptional 
properties  of  the  metal  and  because  a  caesium  electrode  surface  in  a 
caesium  discharge  could  be  kept  very  clean.2 

II.  EXPERIMENTAL 
1.  METHOD 

For  information  concerning  the  technique,  the  original  papers 
should  be  referred  to.    Some  details,  however,  will  be  mentioned. 

The  intensity  measurements  were  made  by  the  usual  photographic 
methods,  using  an  incandescent  tungsten  strip  at  various  tempera- 
tures  as  a  comparison  source.  An  E2  Hilger  quartz  spectrograph 
was  used  to  photograph  the  spectrum  of  the  radiation  and  quartz 
fluorite  achromats  were  used  to  focus  the  image  of  the  electrodes  on 
the  slit. 

A  low-voltage  hot  cathode  discharge  in  caesium  vapor  was  used  as 
a  source  of  electron  current  to  the  probe.  The  discharge  tube  was 
placed  in  a  furnace  at  about  170°  C.  to  maintain  the  required  Cs 
vapor  pressure  (several  thousandths  of  a  millimeter). 

The  electrodes  were  usually  in  the  form  of  cylinders  2  to  4  mm  in 
diameter.  The  sides  were  insulated  by  glass  tubing  and  the  flat 
polished  ends  exposed  to  the  discharge. 

2.  CONTROL  MEASUREMENTS 

A  number  of  control  measurements  were  made  in  order  to  locate 
possible  sources  of  contamination  of  the  probe  surfaces.  In  the 
earlier  work  the  probes  had  been  placed  in  the  negative  glow  of  the 
discharge,  near  the  barium  oxide  coated  platinum  cathode.  It  was 
suspected,  however,  that  barium  or  oxygen  evaporated  from  the 
cathode  might  contaminate  the  probe  surface.  Measurements  were 
therefore  made  in  the  negative  glow,  using  a  tungsten  cathode,  and 
also  in  the  positive  column  some  15  cm  from  the  cathode. 

In  most  of  the  work  the  probes  were  outgassed  at  400°  C.  and  the 
metal  surface  cleaned  by  several  hours'  bombardment  with  100- volt 
Cs  ions.  To  ascertain  the  effect  of  better  outgassing  and  a  possibly 
cleaner  surface,  a  tungsten  electrode  was  used  in  the  form  of  a  wire 
0.4  mm  in  diameter  and  1  cm  long.  The  wire  could  be  heated  to 
incandescence  and  outgassed  by  current  passed  through  it  from 
insulated  supporting  leads. 

3.  MEASUREMENT  OP  THE  CiESIUM  RADIATION 

A  specially  designed  tube  was  required  for  the  measurement  of  the 
radiation  from  a  caesium  electrode.  A  tungsten  wire,  2  mm  in  diam- 
eter and  several  centimeters  long,  was  sealed  into  the  glass  wall  of  a 
discharge  tube,  the  inner  end  being  flush  with  the  glass  wall.  The 
other  end  projected  from  the  tube  and  through  the  walls  of  the  furnace 
into  the  air.  Upon  blowing  air  against  the  end  of  the  wire  the  end  in 
the  discharge  was  cooled  sufficiently  to  condense  a  bright  layer  of 
caesium  upon  it.    If  the  electron  current  to  the  probe  was  too  large 


»  A  cfcsium  vapor  discharge  was  found  to  be  most  suitable  as  a  source  of  current  to  the  electrodes  due  to 
the  relative  scarcity  of  lines  in  its  arc  spectrum.  Scattered  light  from  the  discharge  is  a  serious  difficulty  In 
the  type  of  work  described  here. 
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the  csesium  evaporated;  if  too  small  it  would  spread  over  the  sur- 
rounding glass  wall.  A  current  and  voltage  could  easily  be  found  for 
which  the  csesium  just  covered  the  end  of  the  wire.  The  csesium 
could  be  evaporated  and  deposited  many  times  during  the  observa- 
tions, thus  insuring  a  clean  surface.    The  diameter  of  the  csesium 

ergs/ micron,  ampere 


i  i  i  i  i  

4400  4000  3600  3200  2800 

Wavelength 

Figure  1. — Absolute  intensities  of  radiation  from  metals 

Ordinates,  intensities  in  ergs  per  ampere  in  a  micron  wave-length  rango.   "o"  tungsten  6.5  volts; 
"  +  "cicsiuni  9  volts. 

disk,  a  knowledge  of  which  was  necessary  in  order  to  determine  the 
current  density,  was  evaluated  from  the  size  of  the  image  on  the 
spectrograms.  It  may  be  mentioned  that  a  monatomic  adsorbed 
caesium  layer  present  on  the  other  metals  studied  does  not,  of  course, 
constitute  a  difficulty  in  the  case  of  a  csesium  electrode. 
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III.  RESULTS 

1.  ABSOLUTE  INTENSITIES 

The  curves  of  Figure  1  give  the  results  of  the  intensity  measure- 
ments. The  intensities  are  given  in  ergs  in  a  micron  wave-length 
range  emitted  by  a  square  centimeter  of  the  electrode  surface  and  for 
a  current  density  of  1  ampere  per  square  centimeter.*  The  measure- 
ments are  given  together  m  one  figure  in  order  to  illustrate  the  simi- 
larity between  the  metals.  It  will  be  seen  from  the  following  para- 
graph that  the  differences  between  them  are  not  much  greater  than 
the  experimental  uncertainty. 

2.  EXPERIMENTAL  UNCERTAINTY 

A  series  of  measurements  on  tungsten  electrodes  will  illustrate  the 
influence  of  various  factors  on  the  intensity  and  the  magnitude  of  the 
experimental  uncertainty.  An  electrode  near  the  cathode  yielded  4.5 
ergs  per  ampere  at  3,700  A  for  electron  energies  of  6.5  volts;  in  the 
positive  column,  15  cm  from  the  cathode,  4.1  ergs  were  obtained; 
the  filament  electrode,  which  could  be  cleaned  and  outgassed  by 
heating  to  incandescence,  gave  5.6  ergs.  The  first  two  electrodes 
were  outgassed  at  400°  C.  and  cleaned  by  ion  bombardment.  The 
agreement  is  fair  and  shows  that  the  latter  method  of  outgassing  and 
cleaning  is  satisfactory  and  that  contamination  by  material  evapo- 
rated from  the  cathode  is  not  serious.  Fluctuations  in  check  measure- 
ments were  usually  of  the  magnitude  illustrated  above.  As  causes 
of  the  variations  there  may  be  mentioned,  in  addition  to  surface  con- 
tamination and  photometric  difficulties,  the  uncertainties  in  the 
current  collecting  area  of  electrodes  due  to  variation  in  fit  between  the 
glass  insulators  and  the  metal  cylinder. 

3.  RADIATION  FROM  CONTAMINATED  SURFACES 

Before  cleaning  by  ion  bombardment  the  electrodes  were  sometimes 
visibly  stained.  The  radiation  from  such  surfaces  was  usually  very 
intense;  after  a  few  seconds  ion  bombardment  the  intensity  would 
drop  to  a  much  lower  value.  Changes  could  usually  be  detected, 
however,  after  an  hour's  cleaning  by  ion  bombardment.4  It  was 
suspected  in  some  cases  that  a  layer  of  tungsten  oxide  evaporated 
from  the  tungsten  cathode  might  be  responsible  for  the  intense  radia- 
tion. Measurements  were,  therefore,  made  with  a  layer  of  tungsten 
oxide  evaporated  upon  the  electrode  from  a  near-by  oxidized  tungsten 
filament.  The  radiation  was  found  to  be  ten  times  more  intense  than 
that  from  a  metal,  but  to  have  about  the  same  intensity  distribution 
between  4,500  and  2,700  A.  Measurements  made  at  low  voltage  indi- 
cated a  work  function  of  about  2.4  volts,  somewhat  higher  than  that 
for  a  metal  in  c«sium  vapor.  The  surface  layer  was,  however,  soluble 
in  water  and  was  probably  a  compound  of  caesium  and  tungsten  oxide 
formed  during  evaporation  in  the  presence  of  caesium  vapor.  A 
grayish  white  layer  of  oxide,  formed  during  evaporation  in  the  absence 
of  cjesium,  emitted  radiation  two  or  three  times  stronger  than  the 
metallic  radiation. 


»  The  variation  of  intensity  with  anjfte  Is  *upposo<!  to  bo  similar  to  that  of  a  black  body. 
<  Publishe  I  data  on  sputtering  Indicates  that  the  ion  current  densities  used  here  remove  of  the  order  of  an 
atomic  layer  in  a  second. 
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The  measurements  of  the  radiation  from  aluminum  previously 
reported  were  from  a  contaminating  layer  which  seems  to  form  upon 
an  aluminum  surface  in  a  caesium  discharge.  The  peculiar  minimum 
in  the  voltage  intensity  relation  reported  in  the  earlier  paper  is 
characteristic  of  this  layer  and  not  of  aluminum. 


The  fact  that  the  radiation  from  caesium  is  similar  to  that  from 
other  metals  is  of  some  interest  in  connection  with  the  thcorv  of  its 
origin.  One  possibility  is  that  the  radiation  is  analogous  to  the  con- 
tinuous X-ray  spectrum  and  is  produced  by  the  deceleration  of  the 
bombarding  electrons  in  the  fields  of  the  metal  atoms.  Another  sug- 
gestion supposes  that  the  primary  electron  ejects  a  free  electron  from 
the  metal  and  that  another  free  electron  then  falls  into  the  vacated 
level  with  emission  of  radiation.  The  latter  explanation  would  pre- 
dict that,  for  sufficiently  great  energy  of  the  bombarding  electrons, 
the  spectrum  would  possess  a  fixed  short  wave-length  limit,  the  fre- 
quency of  which  corresponds  to  the  energy  spread  of  the  free  electron 
levels.  For  most  metals  the  width  of  these  levels  is  of  the  order  of  10 
volts  and  the  limit  would  lie  in  the  far  ultra-violet.  For  caesium, 
however,  this  width,  according  to  most  writers,8  is  near  2  volts  and 
the  caesium  spectrum  should  have  a  high  frequency  limit  in  the  red  or 
yellow.  Since  this  is  not  observed  one  may  conclude  that  the  "brem- 
sstrahlun^"  explanation  is  probably  the  correct  one. 

This  view  is  suggested  by  the  observations  of  O.  W.  Richardson 
and  bis  coworkers  ■  that  the  total  intensity  of  soft  X  rays  produced  by 
300  to  6j000  volt  electrons  is  very  nearly  independent  of  the  metal 
from  which  the  target  is  made.  The  extreme  variation  between  14 
metals  was  less  than  twofold.  This  fact  is  analogous  to  the  similarity 
of  the  radiative  properties  of  metals  in  the  low-voltage  region  de- 
scribed in  the  present  paper,  and  suggests  that  the  phenomena  have  a 
common  origin.7 

The  observed  intensity  may  be  compared  with  that  predicted  by 
quantum  theory  for  the  continuous  radiat  on  generated  by  slow 
electrons  impinging  on  protons.8  The  radiation  emitted  in  ergs  in 
frequency  range  d»  is 


The  intensity  is  given  in  ergs  per  proton  for  a  current  of  1  electron 
passing  through  a  sauare  centimeter  in  a  second.  Z  is  the  charge  on 
the  proton;  e,  m,  and  v  are  the  charge,  mass,  and  velocity  of  the  elec- 
tron; g  is  a  numerical  factor  equal  to  unity  classically,  and  also  in  the 
quantum  theory  for  the  case  of  slow  electrons. 

It  is  of  interest  to  compute  the  intensity  radiated  by  6-volt  elec- 
trons, for  example,  falling  on  a  monatomic  layer  of  protons  (0.25  X  10lfl 
on  a  square  centimeter).  In  the  units  of  Figure  1,  one  obtains  at 
3,000  A  roughly  80  ergs,  about  ten  times  greater  than  is  observed. 

•  Ig.  Tanun,  Pnys.  Rev.,  vol.  30,  p.  170, 1932. 

•  O.  W.  Richardson  and  7.  8.  Robertson,  Proc.  Roy.  8oc„  vol.  124.  p.  188,  1920. 

T  The  similarity  is  surprising  when  one  considers  the  extreme  difference  in  the  properties  of  tungsten 
andesesium,  foremmple:  theatomicvolumeofcseaiumisseven  times  thatof  tungsten;  the  spread  of  energies 
of  the  free  electrons  in  tungsten  is  perhaps  three  or  four  Umes  that  of  caelum;  tungsten  has  the  highest 
melting  point  of  the  metals,  while  cwsiuin  was  a  liquid  under  the  conditions  of  the  measurements. 

•  A. \V Maue,  Ann.  der  Pbyslk,  vol.  13,  p.  101,  1932. 


IV.  DISCUSSION 
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When  it  is  considered  that  many  layers  of  charged  centers  contribute 
to  the  radiation  in  the  experimental  case  of  electrons  striking  a  metal, 
the  discrepancy  becomes  even  greater.9  was  made  unity  in  the 

computation  because  the  field  of  the  singly  charged  nucleus  was 
thought  to  represent  more  nearly  the  fields  actually  encountered  by 
the  bombarding  electrons. 

Leo  Neledsky  10  has  computed  the  intensity  to  be  expected  when 
the  nucleus  is  surrounded  by  its  shielding  electrons.  Using  a  rough 
model  of  such  a  system  of  charges,  he  obtained  values  much  lower  than 
those  given  by  equation  (1)  and  in  better  agreement  with  the  observed 
magnitudes.  The  classical  explanation  is  of  course  that  the  external 
electrons  prevent  tho  bombarding  electrons  from  approaching  near 
the  nucleus  where  most  of  the  radiation  is  emitted. 

Washington,  June  20,  1932. 


*  The  agreement  with  the  theoretical  intensity  for  thick  targets  reported  in  an  earlier  paper  was  due  to  the 
use  or  the  Thomson-WhtdelinKton  formula  for  the  depth  of  penotrution  of  electrons  into  metals.  This 
relation  can  not  be  applied  to  flow  electrons. 

«•  Leo  Neledsky,  Phys.  Rev.,  vol.  89,  p.  652, 1983.  (Abstract.) 
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A  SIMPLIFIED  PRECISION  FORMULA  FOR  THE  INDUC 
TANCE  OF  A  HELIX  WITH  CORRECTIONS  FOR  THE 
LEAD-IN  WIRES 

By  Chester  Snow 


A  precision  formula  is  here  given  for  the  self  inductance  of  a  single-layer  helix 
wound  with  ordinary  round  wire.  This  is  neither  more  nor  less  accurate  than 
that  previously  published,  from  which  it  has  been  derived  by  evaluating  certain 
correction  terms  and  replacing  them  by  approximation  formulas  which  are  much 
simpler  to  compute. 
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I.  INTRODUCTION 

The  formula  derived  in  this  paper  is  a  modification,  without  loss  of 
precision,  of  the  expression  for  the  inductance  of  a  single-layer  helix 
of  round  wire,  given  in  Bureau  of  Standards  Scientific  Paper  No. 
537  (vol.  21,  p.  431,  1926-27).  The  notation  has  been  changed,  and 
the  correction  terms  transformed  so  that  the  present  formula  is  more 
simple  from  the  point  of  view  of  the  computer. 

The  diameter  of  the  wire  is  d;  the  mean  diameter  of  the  solenoid  is 
D;  and  its  length  I  is  the  axial  distance  from  the  center  of  the  wire 
at  the  beginning  of  the  first  turn  to  the  center  of  the  wire  at  the  end 
of  the  N"1  turn,  TV  being  the  total  turns  so  that  the  pitch  of  the  winding 
is  II N.  The  modulus  X  of  the  complete  ellipitic  integrals  K  and  E  is 
given  by 

The  principal  term  L,  is  the  current-sheet  formula  of  Lorenz. 

L.-tlf-JF+V  [K-E+%  (£-*)]  (1) 

As  one  of  the  correction  terms  there  appears  M,  the  mutual  inductance 
between  the  two  end-circles  of  the  solenoid,  which  is  computed  by 

M-4tZ?[^-|k]  (2) 
The  inductance  L  of  an  actual  helix  is  (to  a  precision  which  neglects 

(I  V  / 
NO/  *og  NB* 

419 
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L  =  L,+  xD^2N(ln        0.89473) + \  In  ^]  +  IP 
-\M-\  VF+E*        [2  =b  (^J  ]  (3  ) 

-^l-^n 

where 

^(n) »  4^-2  +  2fri4„  when      1  (4) 
=  3i?  —  ijfoiij  when  17  ^  1 

The  ambiguous  sign  is  plus  for  the  "natural"  and  minus  for  the  uni- 
form distribution  of  current  over  the  section  of  the  wires.  A  current 
density  inversely  proportional  to  the  distance  from  the  axis  of  the 
solenoid  is  called  tne  natural  distribution. 

The  formula  for  L  here  given  is  obtained  by  change  of  notation 
and  by  transformation  of  the  function  A%  (k)  in  formula  (114)  of  the 

1  Gt 

paper  cited.    (This  formula  contains  a  misprint  in  the  term ^ log- 

which  should  be | log-).    In  the  present  notation  this  formula  is 

3  p 

L  -  L.  +  rD^2N(ln  ^  -  0.89473) + 1  In 

+  rDAt{k)  T  §  qWTl?{E-k)  (^J 

The  function  At(k)  is  defined  by  formula  (89) 

At(k)  =  ^[B0(k)  -  B,  (k)  +  Bs]  +  0.66267  -  \ln* 

The  numerical  quantity  B%  was  defined  in  (90)  as  a  series  which  has 
been  found  to  be  —0.60835.  Hence 

*DA2(k)  =  I^(B0(k)-Bl{k))  +  0.1lj  (5) 

The  term  0.11  in  the  parenthesis  will  be  omitted  since  0.1  D  will  be 
considered  negligible  m  this  small  correction  term.  As  most  sole- 
noids to  be  used  as  precision  standards  would  have  an  inductance 
greater  than  10  millihenries  (107  cm),  it  is  evident  that  with  a  diameter 
of  say  30  cm,  0.1  D  would  be  3  cm,  which  is  about  3  parts  in  10,000,000. 
Hence,  in  the  transformations  of  B0(k)  and  Bx(k)  which  follow,  terms 
of  the  order  of  0.1  may  be  considered  negligible. 

II.  TRANSFORMATION  OF  B0(k) 

On  page  507  of  the  paper  quoted,  B0  is  given  by 

k 
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If  we  let 

/T-A2      j  L 


i>-v',    ■   and  i2=t-tt-2  acd 
fc  1  +  X2 

pi  v-i  r  gw<fe  4  c  rfx  n/  1 


(7) 


*Jo     Jo  jX  +  smte   fjo    6L       sinff  J 
then  (6)  gives 

^  (« = -  \  vf+2?     -  « + «p(a)  (8) 

We  may  evaluate  P(ij)  first  for  the  case  where  ifsSll;  that  is,  where 
Using  the  formula 

J^2  log  sin  0  dd=  -  ^  log  2 
we  may  write  (7)  in  the  form 

P(i7)  =  2log2  +  -  f2log(i7  +  V»?2  +  sin2tf)(/0 

*  JO 


=  2  log  2,  +  \ £  log  (l  +  ^1  +  5^?)«tt 

or  eince  (for 

loe (\  +  /l  +  s15^  =  loe  2  - JL^fcJT  T(n  +  D sm'-B 

n  =  l 

CD 

DM    o1     d      1     YV(-l)Tl-3.5  .  .  (2n-l)Tl 

n=-2 

Since  the  sum  of  this  alternating  series  is  numerically  less  than  the 
value  of  its  first  term  f^ji*  which  is  never  greater  than  about  ^  if  n 
>1,  it  is  sufficient  to  take 

Pfo)  =  2  log  4i,+^i       when  (10) 

When  ij  =  l  this  becomes  2  log  4  +  7^3.02  while  the  exact  expression 

(9)  becomes  2.98.   We  may,  therefore,  take  P(l)  =  3.   On  the  other 
hand,  when  0^  ij^  1,  the  approximation 

P  (ij)  =  3n  +  ij  log  -       when0^i?^l  (10)' 

v 

132919—32  10 
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will  be  in  error  by  not  more  than  0.1.  This  may  be  seen  from  the 
fact  that  (10)'  is  correct  at  17  =  0  and  17=1,  while  the  error  between 
0  and  1  is 

F(i)ss3,  +  *log  l-PW 
which  has  its  greatest  numerical  value  when 

l-2^-^*  0.34904 
corresponding  to  P  =  0.8914.    This  is  the  root  of  the  equation 

r(„)  =  0  =  2  +  log  I-P'(„)=2+*  log  J^-^Kn 

To  estimate  this  greatest  error,  we  may  obtain  an  upper  and  lower 

limit  to  P  (17)  as  follows: 

Write 

PW  =  log  4  + 1  f  *  log  (17  +  Vl  +  ns-cos20)J<20 

TfJO 

=  1°g  4  +  tX'  1oS  (1  +  217s  -  cos2* + 2r, VI  + 17* -  cos*0)  <ft 


Now 


where 


2, VI  + 178 ~ cos'0  =  217 VT+? ~  yj=  cos'0-Z  (17,  $) 

wr±?Vr(*-i) 


where 


The  function  Z  is  never  negative.   It  vanishes  when  0«=£  and  has  its 

2 

greatest  value  when  0=o  and  0«t  which  is 

Hence  P^)  may  be  written  in  the  form 

P(n)«iJ/  log  4[( VT+7 +,)«-Z(,,  »-(j^2+2) o«*)tf 

If  in  this  integral  we  replace  the  variable  function  Z(i7,  $)  by  its 
smallest  value,  zero,  we  get  a  function  F(6),  which  is  an  upper  limit 
for  P(ti)  for  all  values  of  17. 

m=\ft'  log  4{(vr+7+,)"-(i£±2+3)  co8»»jd» 
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If  we  replace  Z(rj,$)  by  its  greatest  value,  we  get  a  function /(i;)  which 
is  a  lower  limit  to  P(ri)  for  all  values  of  (rj)  where 


That  is/W  <?(,)  <F(,)  if  u>0. 

Both  of  these  functions  may  be  evaluated  by  means  of  the  definite 
integral  formula 

;J/log  4  (fl'-JWd)  d0  =  2  log  (a+ Va^2)  if  a>6 
which  gives   

F(n)  =  2  log  ( vr+?  +  ,)  ( 1  +  ^ -^2=) 
/  (,)  =  2  log  (2,  +      +  4,'  +  ) 

This  gives 

F(0)  =  0,^(1)  =  2.984 

/(0)  =  0,  /(l)  =2.958 

At  the  point  of  maximum  error  in  the  range  0<ij<1,  which  is  at 
ih  =  0.349,  we  find 

=  L43l}whence  P(,?l)  =  1,506  ±  0075 

and 

3    +    log -  =  1.415 

which  shows  that  the  maximum  error  made  by  using  (10)'  for  is 
approximately  0.1  in  the  range  O^rj^l. 

III.  TRANSFORMATION  OF  B{(k) 
The  function  Bt(k)  is  defined  in  the  paper  quoted,  on  page  453,  by 

Now 

flpjl-Psw'ede-f-Eik)  -  fU(*~  0)Vl  -^cos'*** 

and 

Jo2  vr^Fisa "rg(Ar)- Jo2  vi-aw^ 

4D 


^A(M_*f[saifie_Mja]+1)^) 
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U(k)=-~  fj4<^(y~^)     cos  20 

2  Jo       x2      Vl—  &2cos20 


d<t> 


The  factor  of  the  integrand  y(#)  =  -2#  (t  —  <f>)  is  represented  by  a 

parabola  which  vanishes  when  0  =  0  and  has  the  maximum  value 

unity  when  0  =  2'  where  it  also  has  a  horizontal  slope.    It  is  therefore 

very  approximately  the  same  as  sin  0.  Replacing  it  by  sin  <f>  gives  the 
sufficient  approximation 


2D 


Hence 


Ti  1 


(11) 


Figure  1. — Arrangements  of 


where  M  is  defined  by  equation  (2)  and  is  obviously  the  mutual 
inductance  between  the  two  end  circles  of  the  solenoid.  By  use  of 
equations  (10)  or  (10)'  and  (11),  the  equation  (A)  is  transformed  into 
formula  (3)  of  this  paper. 

IV.  CORRECTIONS  DUE  TO  LEAD-IN  WIRES 

The  inductance  of  the  helix  and  lead-in  wires  together  is 

L'=L  +  U  +  2MU 

where  L  is  that  of  the  helix  given  by  formula  (3),  Lx  is  the  self- 
inductance  of  the  lead-in  wires  and  MM  the  mutual  inductance 
between  these  wires  and  the  helix.  In  computing  Mm,  the  helix 
may  be  considered  a  current  sheet,  and  only  its  axial  component 
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of  current  contributes  to  Mhi.  If  the  leads  are  disposed  as  shown  in 
Figure  1 ,  it  is  evident  that  these  leads  which  are  perpendicular  to  the 
axis  of  the  cylinder  have  no  mutual  inductance  with  the  cylinder. 
The  latter  carries  unit  current  in  the  y  =»  direction  so  that  the  current 

density  is  2~^~         Consequently,  the  term  Mht  is  given  by 

Cb/2  Cl/2 
Mw  =  2j^(r,  y)dy-2j0A(r,  y)dy  (12) 

d  4> 


where 


■■N 

J-m  Jo 


A  (r>y)  =  9^  I  W  I  V(y-2//)2  +  a2  +  ra-2arcos0 


2 

7T 


\dy'\ 

J -in  Jo 


r*12  de 


Jo  Jo 


■v/22+(a  +  r)2-4arsin2^ 


2  *  '  de 


\U  [ 

Jo  Jo 


+  -\dz    |  Jz>+ (a  +  r)2-4  a  r  sin*  B 


or 

A  (r,  % 
where 


i  r  dx  K(2fa7\+2  r 


/.v 

As  a  special  case  of  this 


(14) 


X3 

J*. 

Where 


Now  since  6  and  r  —  a^h  are  both  small,  we  may  write 

fb/2  rbp 

2jA(r,y)dy  =  2A(a,0)jdy  =  bA(a,0)  =  bPM  (17) 
In  the  first  integral  of  (12)  we  may  write 

Airy)  =  A(a  +  h,y)  =  A(a,y)  +  Ap^J^ 
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Computing P4^]_o  from  (13),  since  [£§g}_a-0, 

one  obtains  after  placing  r  =  a 

bJc^Jev(l-k*,)  d*_,_fr.y(l -*»_„) 
dr         D      and  ~dF~  D  

so  that 

p  V2  in 

where 

1 


Changing  the  variable  of  integration  from  y  to  Jcy  gives 

=  ~  *]  where  it2  =  (18) 

Similarly 

Adding  (17),  (18),  and  (19)  gives  by  (12) 

Mh , = i  [  -  MM*)  +  *(g<*>-*>] + M>(„)  (20) 

where 

1        ,  ,  1 


f  and     —  ■ 

1+7?  1+(2b) 

By  use  of  (8)  this  may  be  put  in  the  general  form 

Mu-(l  +  ^)^fff.t^E-kyU'(j))  +  bp(^)  (21) 

where  P{x)  is  defined  by  (4). 
Washington,  June  17,  1932. 
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REGISTER  STUDIES  IN  OFFSET  LITHOGRAPHY 

By  C.  G.  Weber  and  R.  M.  Cobb  1 


ABSTRACT 

A  serious  economic  waste  in  offset  lithography  results  from  lack  of  knowledge 
of  the  optimum  printing  properties  of  lithographic  papers.  The  most  important 
losses  result  from  register  difficulties,  and  studies  of  register  have  comprised  a 
large  part  of  the  research  on  lithographic  papers  now  being  carried  on  at  the 
Bureau  of  Standards  in  cooperation  with  the  Lithographic  Technical  Foundation. 
Information  on  factors  influencing  register  was  obtained  by  making  experimental 
printings  in  a  commercial  plant  under  routine  operating  conditions.  The 
paper  samples  used  were  prepared  by  cooperating  manufacturers,  knowledge 
of  the  history  of  manufacture  of  the  papers  was  supplemented  by  complete 
laboratory  analyses,  and  their  response  to  offset  printing  in  controlled  atmos- 
phere was  observed  to  find  the  influence  of  paper  characteristics  on  register  of 
prints.  Most  satisfactory  register  was  obtained  with  the  papers  that  had  re- 
ceived the  least  drastic  processing  of  fibers  in  manufacture.  Internal  sizing  in 
machine-finish  and  coated  papers  appeared  essential,  but  the  amount  used, 
within  normal  limits,  was  not  important.  Thorough  conditioning  of  paper  to 
equilibrium  with  pressroom  atmosphere  before  the  first  printing  was  required  to 
obtain  register  on  subsequent  printings,  and  the  longest  seasoning  period  prac- 
ticable between  printings  was  found  desirable.  Closeness  of  register  was  also 
influenced  by  variations  in  pressure,  ink,  and  water  used  in  printing  and  by 
uniformity  of  plates  in  respect  to  thickness.  An  accurate  rule  of  special  design 
for  measuring  prints  and  a  sword  type  of  hygroscope  for  determining  the 
hygrometric  state  of  paper  were  found  invaluable  in  the  plant  studies. 


CONTENTS 

Paga 


I.  Introduction   427 

II.  Behavior  of  paper  on  the  offset  press      428 

III.  Description  and  properties  of  samples     429 

IV.  Technique  in  experimental  printings   431 

V.  Results  of  studies  of  factors  influencing  register   431 

1.  Atmospheric    432 

2.  Mechanical  .  _   434 

3.  Water  and  ink   437 

4.  Paper  properties   437 

5.  Incidental  handling  _   438 

VI.  Summary   439 

VII.  Acknowledgment  _   440 


I.  INTRODUCTION 

The  Bureau  of  Standards  is  cooperating  with  the  Lithographic 
Technical  Foundation  in  a  study  of  the  onset  lithographic  process. 
The  work  was  undertaken  at  the  request  of  the  foundation.  This 
technical  organization  of  the  domestic  lithographic  industry  comprises 
over  400  members,  including  lithographic  concerns,  paper  manu- 
facturers and  dealers,  ink  and  varnisn  manufacturers,  press  and 
machinery  manufacturers,  metal  lithographers,  litho  finishers,  and 
photo-composing  machine  manufacturers.    The  research  is  being 

>  R  we  arch  associate,  representing  tbe  Lithographic  Technical  Foundation. 
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carried  on  with  the  advice  and  active  cooperation  of  an  advisory 
committee  from  the  foundation  under  the  chairmanship  of  R.  r . 
Reed,  director  of  the  department  of  lithographic  research,  University 
of  Cincinnati.  The  study  was  requested  because  the  industry  suffers 
an  enormous  annual  loss  resulting  from  lack  of  scientific  knowledge 
concerning  the  characteristics  of  paper  required  for  optimum  results 
in  offset  printing.  The  principal  limiting  factor  in  production  is 
apparently  the  failure  of  paper  to  meet  the  requirements  of  the 
modern  high-speed  offset  press,  and  it  has  been  conservatively  esti- 
mated that  not  over  75  per  cent  of  the  theoretical  production  of  the 
average  press  is  attained  for  that  reason. 

Preliminary  investigational  work  was  previously  done  by  the 
bureau2  for  the  purpose  of  finding  the  principal  difficulties  in  offset 
lithography  for  which  paper  is  wholly  or  partly  responsible.  A 
survey  was  made  of  31  lithographic  plants,  and  the  results  served  as  a 
basis  for  planning  the  present  study.  Misregister  was  the  most  serious 
difficulty  found;  therefore,  a  study  of  the  register  of  prints  was  under- 
taken first,  and  this  article  deals  with  some  results  already  obtained. 

A  series  of  practical  printing  tests  were  made  in  the  Buffalo,  N.  Y., 
plant  of  the  American  Lithographic  Co.  under  routine  operating  con- 
ditions to  isolate  and  study  the  important  factors  influencing  the 
closeness  of  register.  An  air-conditioned  pressroom  was  selected 
in  order  to  eliminate  variables  due  to  changes  in  atmospheric  humidity. 
By  using  specially  prepared  papers,  of  which  the  history  of  preparation 
as  regards  composition,  degree  and  kind  of  sizing,  degree  of  hydration 
of  fibers,  and  fiber  length  were  known,  information  relative  to  the 
influence  of  paper  characteristics  on  closeness  of  register  was  devel- 
oped. Printing  identical  papers  on  a  press  with  controlled  variations 
of  such  factors  as  pressure,  water,  and  ink  gave  information  on  the 
effects  of  press  variables.  The  papers  used  in  experimental  printings 
were  subjected  to  complete  laboratory  tests  of  physical  properties, 
composition,  water  penetration,  ana  behavior  under  tension  at 
different  humidities  to  obtain  information  for  correlation  with  results 
developed  relative  to  the  response  of  the  papers  to  the  printing  tests. 

ii.  behavior;of  paper  on  the  offset  press 

The  offset  lithographic  process  is  indirect  in  that  the  print  is 
transferred  from  the  plate  to  the  paper  by  means  of  a  rubber  blanket. 
Three  cylinders  of  the  same  dimensions  run  one  against  another  in 
fixed  positions  with  a  gear  on  the  end  of  each  engaged  with  a  similar 
gear  on  the  next.  The  cylinders  are  driven  through  these  gears, 
providing  the  same  speed  of  rotation  for  all.  They  rest  one  against 
another  with  fixed  pressure  on  narrow  metal  bands,  known  as  bearers, 
at  the  ends  of  the  cylinders.  The  plate  with  a  positive  image  is 
clamped  around  the  first  or  plate  cylinder  and  this  bears  against 
the  second  or  blanket  cylinder  which  is  covered  with  a  thin  rubber 
blanket.  The  blanket  cylinder  bears  against  a  third  cylinder  known 
as  the  impression  cylinder.  In  operation,  the  plate  after  being 
progressively  moistened  and  inked,  prints  on  the  rubber  blanket  which 
in  turn  deposits  the  print  on  the  paper  pressed  against  it  by  the 
impression  cylinder. 

g^The  preliminary  work  was  done  by  F.  H.  Thurber,  formerly  an  associate  scientist  at  the  Bureau  of 
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The  dimensions  of  paper  may  change  during  passage  through  the 
press  or  between  printings,  and  the  nature  and  extent  of  such  changes 
determine,  largely,  the  closeness  of  register  in  subsequent  printings. 
Changes  in  length  in  the  short  or  around-the-cylinder  direction  are 
relatively  unimportant  because  any  reasonable  change  in  this  dimen- 
sion can  be  compensated  for  by  press  adjustments.  However, 
changes  in  dimension  in  respect  to  the  length  along  the  back  edge 
(long  direction)  always  result  in  register  difficulties.  In  passage 
through  the  press,  paper  does  one  of  three  things  in  respect  to  length 
along  the  back  edge  before  the  instant  of  taking  the  print.  It  shortens 
or  "pulls  in,"  remains  unchanged,  or  lengthens  by  "fanning-out" 
under  stress.  If  the  paper  has  stretched  before  taking  the  impression 
and  recovers  afterward  with  resultant  contraction  of  the  printed 
design,  the  resulting  print  will  be  shorter  than  the  plate  image  and,  if 
after  taking  the  print  the  paper  expands,  the  print  will  be  longer  than 
the  image. 

Register  will  be  obtained  regardless  of  changes  in  the  paper,  if  at 
the  instant  of  taking  the  succeeding  print  the  paper  responds  in  such 
a  manner  as  to  bring  the  preceding  print  back  to  exactly  blanket 
image  length.  Misregister  will  occur  if  the  preceding  print  is  not 
brought  to  image  length.  Hence,  paper  can  change  in  length  as 
measured  and  the  print  stay  in  register;  while  paper  may  show  no 
change  in  length  as  measured  and  vet  be  out  of  register.  A  considera- 
tion of  the  mechanics  involved  indicates  that  there  is  much  more 
chance  of  a  short  first  print  stretching  or  "faiining-out"  to  plate 
image  length,  to  obtain  register  as  it  takes  the  next  print,  than  there 
is  of  a  long  print  being  shortened  or  "pulled  in"  to  plate  image  length 
as  it  takes  the  next  print.  Therefore,  papers  that  expand  alter 
taking  a  print,  that  is,  "print  longer  than  the  plate  image,"  are 
particularly  prone  to  give  misregister. 

III.  DESCRIPTION  AND  PROPERTIES  OF  THE 
EXPERIMENTAL  PAPERS 

The  papers  used  in  the  experimental  printings  were  studied  in  the 
laboratory  in  order  to  obtain  complete  information  for  correlation 
with  their  response  to  the  printing  processes.  Through  the  coopera- 
tion of  paper  manufacturers,  four  papers  of  the  same  composition 
with  different  degrees  of  beating,  the  same  papers  with  surface 
sizing,  three  coated  papers  differing  as  to  the  degree  of  sizing  in  the 
raw  stock  (paper  before  coating),  and  three  extra  strong  machine- 
finish  papers  differing  as  to  degree  of  internal  sizing  were  made 
available  for  the  studies.  The  properties  of  the  papers  as  indicated 
by  the  test  data  for  them  are  given  in  Table  1.  All  were  chemical 
wood  papers. 

Since  mechanical  deformation  of  paper  is  a  factor  in  obtaining 
register,  laboratory  studies  were  maae  of  the  elongation  of  various 
samples  of  lithographic  papers  under  tension.  Eleven  papers  were 
conditioned  and  tested  in  atmospheres  of  30,  45,  65,  and  75  per  cent 
relative  humidity.  Tensions  of  from  9  to  455  g  were  applied  to 
specimens  15  mm  wide  and  the  elongation  for  each  increment  of 
tension  was  observed  by  means  of  a  horizontal  microscope.  The 
results  did  not  indicate  any  significant  differences  in  elongation 
between  the  various  samples  tested  which  included  machine-finish 
litho,  8upercalendered  litho,  coated  litho,  and  surface-sized  paper. 
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The  greatest  differences  in  the  elongation  of  the  different  papers 
occurred  at  75  per  cent  relative  humidity  and  there  the  widest 
difference  was  less  than  0.1  per  cent  for  the  cross  direction.  Differ- 
ences for  the  machine  direction  were  much  smaller.  Such  differ- 
ences in  expansion  are  not  significant;  however,  the  relation  of 
relative  humidity  to  expansion  was  significant.  The  minimum  varia- 
tion between  the  expansions  of  the  different  papers  occurred  at  45 
per  cent  relative  humidity  and  changes  in  expansion  for  changes  in 
relative  humidity  were  of  smaller  magnitude  in  the  vicinity  of  45 
per  cent  relative  humidity  than  at  other  humidities  used.  These 
results  indicate  definite  advantages  in  the  selection  of  an  atmosphere 
of  approximately  45  per  cent  relative  humidity  for  lithographic 
plants. 

Table  l.—Test  data  of  experimental  papers  • 


Sample  N'o. 

Weight. 
2.1  by  40 
Inches, 

.100 
sheets 

Thick 
ness 

Hurst  inc 
strrrikM  h3 

Kr>l<)tnR  endur- 
ance" 

Tensile  properties  ' 

Water 
resist- 
ance 
(Dry- 
indica- 
tor 
method) 

- 

Ash 

~ 

Mil- 
chine 
<)in-c- 

tion 

Cws 
r!i  na- 
tion 

nrt'iikitjR 
loud 

KlonsMtinn 
at  rnpturo 

Mil- 
'•hint' 

Cress 

Ma- 
chine 

Cross 

Douhlt 

DouhU. 

/Vr 

Prr 

PtT 

PtT 

Pvunds 

Inch 

Point! 

fold* 

crnf 

Seconds 

ctnl 

ernt 

1   ... 

7M.  1 

o.  cum 

24.  3 

.r>2 

1.1 

6.9 

3.3 

3.  2 

.13.7 

9.9 

W.  2 

74.1 

.0042 

21.  I 

I*< 

11 

3.  0 

1.(1 

3,  7 

31.9 

11.7 

W.  2 

IV///.'.'.'.'.'.'."'' 

7<.  8 

.0044 

21.4 

2.1 

10 

.1.9 

3.  0 

1. 1 

2.6 

44. 1 

9.9 

y.i.  2 

C«.  2 

.0010 

20.7 

14 

11 

,1.2 

2  y 

i.;i 

3.9 

31.5 

11.5 

94.4 

70.8 

.OTMH 

33.0 

62 

fc.5 

4.  1 

1.  7 

3.  7 

4*.  4 

9.5 

952 

"  -  

R'>.  0 

.0019 

5? 

15 

7.n 

3.9 

I.  1 

3,  « 

63.3 

12  1 

96  1 

*  * .  * 

.0047 

27.il 

17 

X.  u 

3.8 

1.3 

.17 

43.4 

9.1 

94.4 

A   

7'V  f. 

.0017 

25.  1 

14 

10 

7.  I 

3.  s 

i.  :> 

1.  2 

,15.  3 

io.  r, 

95.6 

70.2 

.  0W2 

21.7 

5.1 

10 

2.6 

2.3 

3.1 

10. 1 

35.7 

95. 1 

73.  3 

.now 

22.8 

4* 

If. 

1.9 

2.s 

2.1 

3.0 

23.  1 

33.6 

95.  .1 

11  

71.  2 

.0037 

21.  2 

3« 

12 

1.  4 

2.6 

2. 1 

3.4 

26.3 

31.2 

96.4 

13  

.16.  3 

.  0033 

20.  0 

as 

12 

.1. « 

2.  K 

1..1 

3.3 

12.  1 

7.2 

S7.  7 

.'4.  4 

.  0034 

10.  r> 

24 

10 

.1.  .1 

2.  .1 

1.6 

:;.  1 

19.3 

S.O 

SS.  4 

18   

.13.  9 

.  0032 

2o.  1 

2fi 

1  i 

,1.  5 

2.  .1 

i.  .i 

4.  0 

2.1.  9 

8.0 

'  For  test  specimen,  11  mm  wide  and  90  ram  between  Jaws. 
»  For  test  specimen.  11  mm  wide  and  100  mm  between  Jaws. 

»  Bursting  pressure  In  pounds  per  square  inch  through  a  circular  orifice  1.2  inches  in  diameter. 


Description  of  special  papers 


8£ 

Description 

i 

2 
3 
4 

5 

Machine-finish  litho,  light  beating,  light  Jordanning. 
Machine-finish  litho,  light  beating,  heavy  jordannine. 
.Mac  hine-finish  litho,  normal  heating,  li^ht  Jordanning. 
Machine-finish  litho,  normal  beating,  heavy  Jordanning. 
No.  1  surface  siied  with  starch. 

6 

7 
8 
9 
10 

No.  2  surface  sired  with  starch. 

No.  3  surfiu*  sized  with  starch. 

N'o.  4  surfrtce  sized  with  starch. 

Couted  litho,  no  sizing  in  raw  stock. 

Coated  litho,  one-half  normal  sizing  In  raw  stock. 

11 
13 
14 

15 
12 

Coated  litho,  normal  sizing  In  raw  stock. 

Extra  strong  machine-finish  litho  with  no  sizing. 

Extra  strong  machine- finish  litho  with  one-half  normal  sizing 

Extra  strong  machine-finish  litho  with  normal  siring. 

Commercial  mwmlne-flnlsh  litho  with  which  special  papers  v 

■ 

rere  printed. 

Notb— The  papers  were  cut  38  by  52  inches  with  tbe  long  dimension  In  the  machine  direction  of  the 
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IV.  TECHNIQUE  IN  EXPERIMENTAL  PRINTINGS 

In  the  experimental  printings  to  determine  the  relation  between  paper 
characteristics  and  closeness  of  register,  the  samples  of  experimental 
papers  were  inserted  in  the  center  of  the  piles  and  printed  with  papers 
being  used  for  regular  commercial  multicolor  printings  requiring  very 
close  register.  To  determine  the  effects  of  press  variables,  one  press 
was  set  aside  for  experimental  work.  This  press  was  made  ready 
with  the  plate  at  exactly  bearer  height  and  with  a  minimum  pressure 
between  the  blanket  and  plate.  The  printing  pressure  was  varied 
within  closely  controlled  limits,  while  printing  with  a  dry  plate,  with 
water  alone,  and  with  ink  and  no  water  to  find  the  extent  of  effect  of 
each  of  those  factors  on  register. 

Changes  in  paper  dimensions  were  determined  by  means  of  a  rule 
designed  for  measuring  the  displacement  of  reference  marks  on  large 
sheets  of  paper.  (Fig.  1.)  It  is  equipped  with  two  magnifying 
glasses,  each  with  a  small  glass  reticule  naving  a  vertical  cross  hair 
mounted  directly  underneath.  One  magnifier  may  be  placed  at  any 
point  within  the  range  of  the  scale  (24  to  64  inches)  and  readily  set  so 
that  its  cross  hair  will  coincide  with  any  division  on  the  scale.  The 
other  magnifier  (fi^.  2)  is  set  over  the  second  reference  point  by  means 
of  micrometer  adjustment.  The  distance  between  the  reference 
points  may  then  be  read  to  0.001  inch. 

Data  relative  to  dimension  changes  of  papers  were  determined  by 
measuring  distances  between  register  marks  on  the  plate,  distances 
between  reference  marks  on  the  paper  before  printing  and  after  each 
printing,  and  the  distances  between  register  prints  after  each  printing. 
Length  of  plate  image  in  the  around-the-cyhnder  direction  was  meas- 
ured, on  the  press  with  a  thin  steel  tape. 

Since  all  changes  in  moisture  content  of  paper  are  accompanied  by 
dimension  changes,  a  very  careful  check  was  maintained  on  the  hygro- 
metric  state  of  the  papers,  especially  in  respect  to  the  surrounding 
atmosphere.  The  sword  type  of  paper  hygroscope  8  was  invaluable 
as  a  tool  for  determining  quickly  whether  or  not  paper  was  in  eauilib- 
rium  with  the  pressroom  atmosphere.  The  instrument  resembles  a 
sword,  the  blade  of  which  contains  a  hygroscopic  element.  Expansion 
and  contraction  of  the  element  actuate  the  pointer  of  an  indicating 
device  mounted  on  the  handle  of  the  instrument.  The  hygroscope  is 
first  set  for  the  pressroom  atmosphere  by  waving  it  in  the  air  until  the 
pointer  comes  to  rest  and  then  turning  the  dial  to  the  position  where 
the  zero  reference  mark  is  directly  under  the  pointer.  The  blade  is  then 
inserted  between  the  sheets  of  the  pile  of  paper  to  be  tested,  and  left 
until  the  pointer  comes  to  rest.  Movement  of  the  pointer  from  the 
zero  reference  mark  indicates  that  the  paper  is  not  in  equilibrium  with 
the  surrounding  atmosphere. 

V.  RESULTS  OF  STUDIES  OF  FACTORS  INFLUENCING 

REGISTER 

The  results  of  the  printings  in  respect  to  permanent  dimension 
changes  (figs.  3  and  4),  the  relation  of  length  of  first  print  to  plate 
image  length  with  subsequent  printings  (fig.  7),  and  effects  of  press 
variables  (figs.  5  and  6),  are  presented  graphically. 

»  Robert  F.  Reed,  The  Paper  Hygroscope,  Sales  Bull.  No.  1.  Research  Series  No.  6,  Lithographic  Tech- 
nical Foundation,  220  East  Forty-second  Street,  New  York.  N.  Y. 
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A  number  of  important  factors  were  found  to  affect  register  in 
lithographic  printing  when  constant  atmospheric  conditions  were 
maintained  and  the  response  of  papers  of  known  history  to  a  number 
of  the  factors  was  studied.    Some  study  of  mechanical  factors  was 
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necessary  in  order  to  eliminate  the  variables  not  influenced  by  paper 
characteristics. 

1.  ATMOSPHERIC 


The  moisture  content  of  the  commercial  papers  as  received  at  the 
plant  was  found  to  vary  from  2.8  to  6.2  per  cent  while  that  required 
for  hygrometric  equilibrium  with  the  press  room  atmosphere  was 
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approximately  5.0  per  cent.  When  cases  of  paper  having  a  moisture 
content  more  than  1  per  cent  below  room  equilibrium  were  opened 
and  exposed  to  room  atmosphere  in  the  pile,  the  exposed  edges  and 
top  of  the  pile  absorbed  moisture  and  waves  and  wrinkles  quickly 
developed  from  expansion  of  those  portions.    Excessive  conditioning 
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time  was  required  for  removal  of  such  wrinkles  and  when  they  were 
not  removed,  misregister  resulted  as  a  result  of  the  paper  distortion. 
The  benefits  of  controlled  atmosphere  in  the  press  room  are,  of  course, 
lost  if  the  paper  is  not  thoroughly  conditioned  before  the  first  printing. 
It  is  important  to  remember  that  papers  differ  as  to  time  required  to 
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thoroughly  condition  them.  Certain  papers,  such  as  moisture-resist- 
ant bond  paper  or  paper  badly  out  of  equilibrium  with  press  room 
atmosphere,  require  extra  conditioning  time. 
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2.  MECHANICAL 


Thickness  of  plates  and  the  stress  applied  in  clamping  them  on  the 
cylinder  both  influence  the  effective  image  length.  The  length  is 
increased  due  to  curvature  in  bending  the  plate  around  the  cylinder 
and  the  amount  of  increase  varies  witn  the  plate  thickness,  although 
no  mathematical  formula  seems  to  apply.  Increase  in  length  of  plate 
due  to  mechanical  stress  in  clamping  it  varies  inversely  with  its  thick- 
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ness.  All  plates  measured  were  from  0.050  to  0.085  inch  longer  in 
35  inches  in  the  around-the-cylinder  direction,  when  clamped  on  the 
cylinder  than  when  flat.  From  these  considerations,  thickness  stand- 
ardization for  plates  appears  very  important. 
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Studies  were  not  made  to  determine  the  effects  of  packing  under  the 
plate  and  blanket.  In  the  studies  of  other  factors,  the  plate  was  built 
up  to  bearer  height  and  the  blanket  overpacked  0.0025  to  0.003  inch, 
although  it  is  common  practice  to  build  both  plate  and  blanket  above 
bearer  heights.  The  bearers  were  18  inches  in  diameter.  With 
neither  ink  nor  water  on  the  plate,  increase  in  pressure  between  the 


436  Bureau  of  Standards  Journal  of  Research  iv*.  b 


blanket  and  paper  decreased  slightly  the  excess  in  length  of  print  over 
plate  image  along  the  back.  In  the  short  direction,  the  print  was 
shortened.  With  ink  alone  on  the  plate,  the  effect  of  pressure  was 
less  along  the  back  edge,  but  was  little  changed  in  the  short  direction. 


With  water  alone  on  the  plate,  the  effects  of  increased  pressure  were 
less  in  both  directions. 

A  print  may  be  lengthened  in  the  short  or  around-the-cylinder 
direction  by  removing  packing  from  beneath  the  plate  and  placing 
it  under  the  blanket.  The  increased  length  is  caused  by  slippage 
introduced  by  increasing  the  circumference  and  thereby  the  peripheral 
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speed  of  the  blanket,  and  decreasing  the  peripheral  speed  of  the  plate 
by  decreasing  its  circumference.  This  slippage  is  probably  taken  up 
largely  by  blanket  creep,  but  it  results  in  an  increase  in  the  length  of 
print  corresponding  to  the  difference  between  the  effective  cylinder 
circumferences.  Contrary  to  rather  common  belief,  the  increase^  in 
plate  image  length  due  to  change  in  curvature  by  removing  packing 
was  too  slight  to  require  consideration.  However,  the  difference  in 
peripheral  speed  between  plate  and  blanket  introduced  bv  transferring 
0.003  inch  packing  from  the  plate  to  the  blanket  was  calculated  to  be 
0.0191  inch  in  35  inches.  The  length  of  print  in  the  around-the- 
cylinder  direction  may  also  be  increased  by  pasting  a  sheet  of  paper 
on  the  back  cylinder.  By  this  method  the  peripheral  speed  of  the 
paper  is  increased,  introducing  between  the  blanket  and  paper  a  creep- 
ing or  slippage  which  results  m  a  longer  print. 

3.  WATER  AND  INK 

The  water  used  on  the  press  had  two  effects  on  the  paper  passing 
through  the  press.  The  immediate  effect,  due  to  absorption  of  mois- 
ture, was  an  expansion  of  about  0.005  inch  in  50  inches.  When  con- 
ditioned until  equilibrium  with  the  atmosphere  was  again  reached,  the 
paper  shrank  to  about  0.005  inch  less  than  its  original  length,  a 
phenomenon  that  has  not  been  satisfactorily  explained.  Ordinarily, 
paper  left  in  piles  between  printings  is  in  a  condition  somewhere  be- 
tween the  two  extremes  at  the  second  printing.  The  amount  of  water 
used  is  apparently  of  little  importance  in  respect  to  action  of  the 
paper  during  passage  through  the  press.  During  a  normal  first 
printing,  the  moisture  content  increased  about  0.1  per  cent.  Dou- 
bling the  amount  of  water  used  had  no  serious  immediate  effect  on  the 
expansion  and  contraction  of  the  paper. 

Ink  affects  register  to  a  degree  contingent  on  the  extent  of  the  area 
covered.  When  printing  large  solid  ink  areas,  the  prints  were  longer 
than  the  plate  image  along  the  back  edge,  possibly  a  result  of  lubricat- 
ing action  of  the  mk  in  permitting  the  blanket  to  fan-out  without 
taking  the  paper  with  it.  Second  prints  on  first  prints  containing 
large  solid  ink  areas  on  which  the  ink  was  not  entirely  dry  were  short 
in  the  around- the-cylinder  direction.  This  may  have  been  due  to  an 
effect  of  the  moist  ink  on  the  friction  between  the  paper  and  the 
blanket,  or  it  may  have  been  due  to  increased  elasticity  of  the  paper, 
permitting  more  temporary  stretch  in  the  cross  direction  of  the  sheet. 
Ink  tackiness  was  not  studied,  but  is  apparently  important.  Those 
effects  of  water,  ink,  and  pressure  on  length  of  print  are  shown  graph- 
ically in  Figure  5  (long  direction,  back-edge)  and  Figure  6  (short 
direction). 

4.  PAPER  PROPERTIES 

The  degree  of  hydration  and  length  of  fibers  of  paper,  which  depend 
on  the  beating  *  and  jordanning  *  the  fibers  have  been  given  during 
manufacture,  is  extremely  important.    In  studying  the  influence  of 

•  Beating  Is  the  terra  applied  to  mechanical  treatment  given  to  paper-making  materials,  suspended  in 
water,  to  prepare  them  for  forming  a  sheet  on  the  paper  machine.  Beating  separates,  brushes,  and  frays- 
oat  the  fibers  and  causes  them  to  absorb  water  by  a  process  known  as  "hydration." 

•  Jordanning  is  a  refinlnK  process  that  usually  follows  beating  to  complete  the  preparation  of  the  mate- 
rials for  forming  a  paper  of  the  desired  character.  In  the  Jordan  the  fibers  are  frtx-d  from  lumps  and  cut 
to  the  desired  length. 
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these  factors  on  register,  seven  of  the  papers  having  the  same  com- 
position, but  with  different  beating,  jordanning,  and  sizing  treat- 
ments were  inserted  in  the  center  of  a  pile  of  paper  on  a  nine  single- 
color  run  which  required  hairline  register,  and  not  separated  from  the 
pile  until  the  nine  printings  were  finished.  The  length  of  the  first 
color  (yellow)  impression  on  each  paper  was  measured  and  compared 
with  those  of  the  regular  run.  The  sample  with  the  least  drastic 
beating  and  jordanning  in  its  manufacture  had  the  shortest  first-color 
impression  along  the  back  edge  and  was  the  best  as  regards  register, 
while  the  sample  with  the  most  drastic  treatment  in  those  respects 
was  poorest.  The  sample  with  the  least  beating  and  jordanning  had 
the  longest  first-color  impression,  hence  was  best  in  repsect  to  register 
in  the  around-the-cylinder  direction,  while  the  sample  having  the  most 
drastic  treatment  was  again  poorest. 

Samples  of  the  eight  papers  (Nos.  1  to  8,  Table  1)  were  also  inserted 
in  the  center  of  a  pile  of  commercial  paper  and  printed  six  colors, 
two  colors  each  printing.  In  these  tests,  as  in  the  preceding,  the 
sample  that  had  the  least  drastic  beating  and  jordanning  was  best  in 
respect  to  register,  and  misregister  increased  with  increased  beating 
ana  jordanning.  (Figs.  3  and  4.)  These  results  indicate  the  desir- 
ability of  manufacturing  papers  for  lithography  with  the  least  beating 
and  jordanning  necessary  to  obtain  satisfactory  strength  and  printing 
surface. 

The  degree  of  internal  sizing  and  the  presence  of  surface  sizing  are 
factors.  Surface  sizing  decreases  slightly  the  dimension  changes  dur- 
ing printing,  but  did  not  have  marked  effect  on  the  samples  available. 
Increasing  the  internal  (beater)  sizing  of  coated  papers  reduced  the 
tendency  to  stretch  along  the  back  edge,  but  was  not  as  effective  in 
the  short  direction.  (Nos.  9,  10,  11,  figs.  3,  4,  7.)  The  effects  on 
register  were  slight.  Paper  with  one-half  normal  sizing  remained  in 
register  best  in  both  directions.  With  extra  strong  machine-finished 
papers,  increased  degree  of  internal  sizing  improved  the  register  on 
the  back  edge,  but  did  not  improve  it  in  the  short  direction.  (Nos. 
13,  14,  15,  figs.  3,  4,  and  7.)  One-half  normal  sizing  was  practically 
as  effective  as  normal  sizing.  It  appears  that  while  internal  sizing 
is  desirable  for  good  register,  the  amount  used,  within  normal  limits, 
was  not  a  very  important  factor. 

5.  INCIDENTAL  HANDLING 

The  time  that  paper  is  allowed  to  season  between  printings  will 
influence  results  in  subsequent  printings.  In  a  conditioned  plant, 
it  was  found  that  the  longest  seasoning  period  practicable  is  desirable 
since  the  seasoning  period  permits  an  even  distribution  of  moisture 
picked  up  in  passing  through  the  press  and  allows  the  paper  to  recover 
from  stresses  set  up  in  printing. 

Register  can  be  controlled  within  certain  limits  by  set-up  of  the 
feeders.  By  certain  adjustments,  a  "dip"  may  be  introduced  in  the 
sheet  that  will  materially  shorten  long  prints  already  on  the  sheet,  and 
at  the  same  time  lengthen  to  somewhat  smaller  extent  the  current 
print.  In  one  case  noted,  a  red  color  found  to  be  printing  48.866 
inches  along  the  back  edge  was  0.028  inch  longer  than  a  succeeding 
black.  By  pressing  down  on  the  sheet  with  a  1-inch  roller  10  inches 
inside  the  edge,  while  the  paper  was  being  fed  to  the  press,  the  current 
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black  print  was  lengthened  0.004  inch  along  the  back  edge  and  the 
paper  was  drawn  in  to  shorten  permanently  the  preceding  red  print 
•  0.020  inch.  The  resulting  misregister  was  therefore  reduced  to 
0.004  inch.  Such  methods  can  be  employed  satisfactorily  only  on 
the  last  printing. 

VI.  SUMMARY 

In  the  plants  having  controlled  atmosphere,  thorough  conditioning 
of  paper  is  essential  if  the  full  benefits  of  atmospheric  control  are  to 
be  obtained.  The  moisture  content  of  paper  to  be  used  in  such 
plants  should  be  adjusted  at  the  paper  null  to  approach  equilibrium 
with  the  pressroom  conditions  in  order  to  facilitate  conditioning. 
Paper  badly  out  of  equilibrium  should  be  hung  immediately  after 
unwrapping.  The  hygroscopic  condition  of  paper  with  reference  to 
pressroom  atmosphere  in  which  it  is  unwrapped  can  be  quickly 
determined  with  the  sword-type  hygrometer.  The  longest  season- 
ing period  practicable  between  printings  is  desirable  for  uniform 
results,  and  there  appear  to  be  definite  advantages  in  the  selection 
of  45  per  cent  relative  humidity  for  lithographic  plants.  For  the 
plant  without  controlled  atmosphere,  every  precaution  should  be 
taken  to  protect  paper  from  atmospheric  changes  after  starting  the 
first  printing.  The  paper  should  be  protected  between  printings  by 
covering  with  waterproof  wrappers. 

Thickness  standardization  of  plates  was  found  important  to 
insure  uniformity  of  plate  stretch  in  clamping  plates  in  place.  With 
neither  ink  nor  water  on  the  plate,  changes  in  printing  pressure 
affected  register  only  slightly  and  the  effects  of  pressure  variations 
were  even  less  with  ink  alone  and  with  water  alone.  Prints  may  be 
lengthened  in  the  around-the-cylinder  direction  by  transferring 
packing  from  the  plate  to  the  blanket  or  adding  packing  to  the  im- 
pression cylinder.  The  amount  of  water  used  did  not  appear  im- 
portant as  doubling  the  amount  used  had  no  serious  immediate 
effects.  The  effect  of  ink  was  contingent  on  the  extent  of  the  area 
covered,  the  presence  of  large  solid  ink  areas  resulting  in  increased 
register  troubles. 

Paper  characteristics  are  important.  The  best  register  was 
obtained  on  the  papers  that  had  received  the  least  drastic  beating 
and  jordanning  in  manufacture.  Internal  sizing  was  desirable  but 
the  amount  used,  within  normal  limits,  was  relatively  unimportant. 
Approximately  one-half  normal  sizing  gave  best  results.  The 
presence  of  surface  sizing  had  no  marked  effect  on  the  papers  studied. 

The  closeness  with  which  the  imprint  length  on  the  paper  agrees 
with  the  length  of  the  plate  design  on  the  first  color  will  indicate 
the  closeness  of  register  that  may  be  expected  with  subsequent 
printings.  By  measuring  the  first  sheets  printed  on  the  first  color, 
information  may  be  obtained  at  the  start  of  any  multicolor  "job" 
that  will  indicate  whether  register  trouble  will  be  encountered  in 
succeeding  printings.  A  first  print  on  the  paper  longer  than  the  plate 
design  along  the  back  edge  is  always  indicative  of  register  troubles. 
The  special  rule  described  should  be  of  great  value  to  the  lithographer 
for  use  here  in  forestalling  trouble. 
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CREEP  AT  ELEVATED  TEMPERATURES  IN  CHROMIUM- 
VANADIUM  STEELS  CONTAINING  TUNGSTEN  OR 
MOLYBDENUM 


Determinations  of  creep  at  temperatures  between  760°  and  1,100°  F.  were 
made  on  two  tungsten-chromium-vanadium  and  a  molybdenum-chromium- 
vanadium  steel.  These  steels  were  tested  as  tempered  after  mechanical  working 
(rolling)  and  are  compared  with  steels  of  similar  compositions  which  had  been 
oil  quenched  and  tempered. 


This  paper  reports  the  results  of  tests  of  creep  in  tension  made  on 
3  alloy  steels;  namely,  2  tungsten-chromium-vanadium  steels  and  1 
molybdenum-chromium-vanaaium  steel.  The  chemical  compositions 
of  these  steels,  their  mechanical  properties  at  room  temperature,  and 
the  heat  treatments  to  which  they  were  subjected  prior  to  testing  are 
all  listed  in  Table  1.  There  are  also  included  in  Table  1  three  addi- 
tional steels  (a  tungsten-chromium-vanadium  steel,  a  chromium- 
molybdenum,  and  a  molybdenum-chromium-vanadium  steel)  which 
had  been  tested  previously  for  creep.2  These  steels  so  closely  resemble 
the  steels  tested  in  the  present  work  as  to  make  desirable  a  comparison 
of  the  results  of  creep  tests  of  the  two  groups. 

The  two  tungsten-chromium-vanadium  steels  of  the  present  report 
differ  chiefly  in  carbon  content  (0.50,  and  0.38  per  cent).  One  of  the 
steels  previously  tested  (EE1139)  very  closely  duplicated  the  two 
tungsten-chromium-vanadium  steels  of  this  report,  especially  the 
higher  carbon  steel.  The  heat  treatments,  however,  differed  m  the 
two  cases.  The  two  steels  recently  tested  were  simply  tempered  at  a 
rather  high  temperature  after  rolling,  while  the  similar  steel  of  the 
earlier  work  was  oil  quenched  and  tempered. 

The  third  steel  with  which  this  report  is  primarily  concerned  is  a 
molybdenum-chromium-vanadium  steel  (SE208)  containing  about 
1 .2  per  cent  manganese.  This  steel  is  compared  with  two  of  the  steels 
previously  tested,  of  which  one  (El 549)  was  of  a  very  similar  composi- 
tion, also  with  high  manganese  (0.95  per  cent)  but  without  vanadium; 
the  other  was  also  similar  to  steel  SE208  of  the  present  report,  except 
that  this  comparison  steel  (E1490)  was  of  higher  carbon  and  lower 
manganese  content. 


1  Research  associate,  representing  The  Midvale  Co.,  Philadelphia,  Pu. 
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II.  METHOD  OF  TESTING 

The  method  employed  for  determining  "creep"  was  substantially 
the  same  as  previously  described  ,*  except  that  all  of  the  horizontal 
furnaces  and  loading  machines  were  replaced  by  vertical  units,  as 
shown  in  Figure  1.  As  a  result  the  frictional  losses  of  the  mechanical 
lever  loading  system  were  materially  reduced. 

Figure  1  shows  the  method  of  loading  the  specimen  in  the  vertical 
furnace.  The  specimen  was  0.250  inch  in  diameter  within  the  2-inch 
gage  length.   Tne  top  adapter  was  suspended  from  a  spherical  seat. 


Figure  1. — Diagram  *of  vertical  test  unit*  for  creep 
teets  at  elevated  temperature* 

A,  traveling  microscope;  B,  lamp;  C,  furnace  control  thermocouple; 
D,  specimen  temperature  thermocouple. 


The  temperature  of  the  specimen  was  measured  by  the  thermocouple 
D,  the  hot  junction  of  which  was  tightly  wired  to  the  surface  of  the 
specimen  at  the  middle  of  the  gage  length.  An  automatic  temperature 
control  which  regulated  the  temperature  of  the  furnace  was  actuated 
by  the  thermocouple  C,  the  hot  junction  of  which  was  placed  close 
to  the  furnace  windings.  During  operation  the  top  and  bottom 
openings  of  the  furnace  around  the  adapters  were  tightly  packed  with 
asbestos  to  minimize  convection  currents  within  the  furnace.  A 
narrow  rectangular  opening  through  one  side  of  the  furnace  (covered 
except  when  actually  observing  the  gage  marks)  permitted  measure- 
ments of  the  extension  of  the  specimen  during  testing. 

The  gage  length  of  the  specimen  was  defined  by  cutting  a  shallow 
groove  close  to  the  fillet  at  each  end  of  the  reduced  section  of  the 

•  See  footnote  2.  p.  441. 
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specimen  and  securing  tightly  in  this  groove  a  loop  of  32  B.  &  S. 
gage  (0.008  inch  diameter)  platinum  wire.  The  coefficient  of  expan- 
sion of  platinum  being  less  than  that  of  steel,  the  wire  did  not  loosen 
as  the  temperature  rose. 

The  expansion  was  observed  by  means  of  a  traveling  microscope 
of  long  focus  (A,  fig.  1)  whose  motion  was  governed  by  a  screw  of 
0.5  mm  pitch  and  a  disk  carrying  100  divisions.  The  value  of  one 
division  on  the  disk  was,  therefore,  0.005  mm  (2X  10~4  inch). 

The  accuracy  of  the  readings  depended  considerably  on  the 
illumination,  and  therefore  the  illumination  was  kept  as  constant  as 
possible  throughout  the  period  of  test.  As  shown  in  Figure  1,  the 
microscope  carried  a  small  lamp,  Bf  so  arranged  that  the  rays  were 
reflected  from  the  wire  at  nearly  normal  incidence.  Through  the 
telescope  the  illuminated  spot  appeared  pointed  at  each  end,  ana  upon 
the  pomts  the  cross  hair  of  the  traveling  microscope  was  set. 

Observations  were  made  over  a  period  of  from  400  to  1,000  hours, 
usually  at  intervals  of  24  hours.  In  the  case  of  specimens  carrying 
the  lower  loads  at  any  temperature,  there  was  frequently  insufficient 
creep  in  24  hours  to  be  detected.  The  total  creep  over  periods  of 
400  to  1 ,000  hours  permitted  the  detection  of  creep  rates  of  the  order 
of  10"fi  inches  per  inch  per  hour. 

A  survey  of  the  temperature  uniformity  of  the  specimen  showed 
that  the  temperature  indicated  by  the  thermocouple,  D,  at  the 
surface  of  the  middle  of  the  gage  length  differed  from  the  temperature 
at  the  center  of  the  specimen  at  the  midpoint  of  the  gage  length  by 
only  1°  F.  at  800°  F.  and  by  3°  F.  at  1,200  °F.  Furthermore,  the 
maximum  variation  in  temperature  along  the  length  of  the  test  bar 
(the  temperature  measurements  being  made  at  the  ends  of  the 
specimen  in  the  shoulder  of  the  bar  just  outside  of  the  reduced 
.section)  was  in  all  cases  greatest  between  the  bottom  end  and  the 
middle  of  the  gage  length.  This  difference  amounted  to  23°  F. 
(13°  C.)  at  800s  F.  (426°  C.)  and  to  18°  F.  (10°  C.)  at  1,200°  F. 
(648°  C).  The  temperature  difference  between  the  middle  of  the 
gage  length  and  the  top  end  of  the  bar  was  not  detectable  at  800°  F. 
(426°  C),  and  was  only  9°  F.  (5°  C.)  at  1,200°  F.  (648°  C). 

III.  RESULTS 

The  time-extension  curves  for  the  three  steels,  showing  on  each 
curve  the  stress  in  lbs. /in. 2  of  original  cross  section  and,  in  parentheses, 
the  identification  number  of  the  specimen,  are  given  in  Figures  2,  3, 
and  4.  The  two  tungsten-chromium-vanadium  steels  were  tested  at 
750°,  850°,  950°,  1,050°,  and  1,100°  F.;  the  single  molybdenum- 
chromium-vanadium  steel  at  650°,  850°,  and  1,050°  F. 

In  Figures  5,  6,  and  7  are  plotted  for  the  several  testing  temperatures 
the  stress  and  the  initial  flow ;  that  is,  the  relatively  rapid  deformation 
at  the  time  of,  or  immediately  after,  loading.  Also,  there  are  plotted 
the  stress  and  the  average  rates  of  flow,  calculated  from  the  so-called 
second  stage  of  the  time-extension  curves;  that  is,  that  portion  of 
rather  uniform  rate  of  extension  following  the  initial  flow. 

Figures  8,  9,  and  10  show  the  stress  which,  at  anv  selected  tempera- 
ture, results  in  0.1,  1,  2,  or  5  per  cent  secondary  elongation,  or  creep, 
in  1,000  hours.  These  figures  also  show  in  some  cases  the  stress 
resulting  in  0.1,  1,  or  2  per  cent  initial  elongation  preceding  the  stage 
of  secondary  elongation. 
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Figure  2. — Time-elongation  curves  of  tungsten-chromium-vanadium  steel 
EE1546  under  different  loads  and  at  different  temperatures 
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Figure  3. — Time-elonaation  curve*  of  tunggten-chromium-vanadium  steel  E El  55  U 
under  different  load*  and  at  different  temperature* 
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IV.  DISCUSSION  AND  SUMMARY 

The  discussion  of  the  results  of  the  present  creep  tests  and  correla- 
tion of  these  results  with  previously  tested  steels  of  similar  composi- 
tions is  most  conveniently  based  on  Figure  11.  In  this  figure  the  top 
and  bottom  of  a  solid  black  rectangle  indicate,  respectively,  the  stress 
producing  1  per  cent  and  0.1  per  cent  initial  deformation.  When 
there  is  given  only  a  small  solid  triangle,  the  base  of  the  triangle 
indicates  the  stress  producing  0.1  per  cent  deformation  and  there  is  no 
value  for  1  per  cent  deformation.    Similarly,  the  open  (light)  rec- 
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Figure  4. — Time-elongation  curvet  of  molybdenum-chromium-vanadium  steel 
SE208  under  different  load*  and  at  different  temperatures 


tangles  indicate  secondary  flow  in  1,000  hours  of  1  per  cent  and  0.1 
per  cent. 

A  comparison  of.  the  two  tungsten-chromium- vanadium  steels  of 
the  present  tests  (EE1546  and  EE1554)  shows  that  appreciablv  higher 
stresses  are  sustained  by  the  steel  of  lower  carbon  content  (£E1554) 
at  860°,  950°,  and  1,000°  F.  before  0.1  or  1  per  cent  creep  results 
than  is  the  case  with  the  higher  carbon  steel.  Also  there  is  for  the 
lower  carbon  steel  a  wider  range  at  950°  and  1,000°  F.  between  the 
stresses  producing  0.1  and  1  per  cent  creep  than  for  the  higher  carbon 
steel. 

The  previously  tested  tungsten-chromium- vanadium  steel  (EE1139) 
was  oil  hardened  and  tempered  before  testing,  while  steel  EE  1546  of 
very  similar  composition  was  simplv  tempered  after  rolling.  From 
Figure  11  it  appears  that  at  the  higher  testing  temperatures,  950° 
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ALLOY  EE  1546 


AVERAGE  FLOW  RATE  IN  SECOND  STAGE  -  INCH  PER  INCH  PER  HOUR 


Figure  5. — Flow  data  for  lungsten-chromium-vanadium  steel  EE1646  at  different 

temperatures 
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AVERAGE  FLOW  RATE  IN  SECOND  STAGE  -  INCH  PER  INCH  PER  HOUR 


Figure  6. — Flow  data  for  tungsien-chromium-vanadium  steel  EE1564  at 

different  temperatures 
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Figure  7. — Flow  data  for  molybdenum-chroviium 

at  different  temperatures 
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HEAT  NO.  EE  1546.  C  0  50,  MN  062.  SI  076,  CR  235,  W  1.66.  V  0.27 
ROLLED  BARS.  I275*T-  I  HR   SLOW  COOL. 
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TEMPERATURE  -  DEGREES  F. 

Figure  8. — Flow  chart  for  tungeten-chromium-vanadium  steel  EE1646  at  elevated 

temperatures 
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HEAT  NO.  EE  1354.  C  0.28,  M N  0.49 ,  SI  0.38,  CR  2.24,  W  152,  V  0  29 
ROLLED  BARS.  I27S*T-  I  HR.  SLOW  COOL. 
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TEMPERATURE-  DECREES  F. 

Figure  9. — Flow  chart  for  tungsten-chromium-vanadium  steel  EE155  i  at 

elevated  temperatures 
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AVERAGE  FLOW  RATE  IN  SECOND  STAGE  -  INCH  PER  INCH  PER  HOUR 

Figure  10. — Flow  chart  for  molybdenum-chromium-ranadium  steel  SE  £08 

at  elevated  temperatures 
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Figure  11. — Comparison  of  steels  on  the  basis  of  the  stresses 
producing  both  initial  deformation  and  secondary  flow 
(secondary  flow  is  over  period  of  1,000  hours) 
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and  1,000°  F.,  the  stress  producing  0.1  per  cent  creep  was  appreciably 
higher  in  the  quenched  and  tempered  steel.  However,  this  hardened 
and  tempered  steel  showed  1  per  cent  creep  at  stresses  very  much 
lower  than  the  corresponding  rolled-and-tempered  steel  (EE1554)  at 
860°,  950°,  and  1,000°  F. 

The  other  comparison  to  be  made  in  Figure  1 1  is  between  the  two 
molybdenum-chromium-vanadium  steels,  SE208  (normalized  and 
tempered)  and  E1490  (oil  quenched  and  tempered),  the  latter  steel 
being  considerably  higher  in  carbon  and  lower  in  manganese  than  the 
former.  The  greater  resistance  to  creep  of  the  lower  carbon  higher 
manganese  steel  at  all  of  the  testing  temperatures  involved  is  obvious 
from  Figure  11.  It  has  also  a  noticeably  wider  working  range;  that 
is,  the  range  between  stress  producing  0.1  per  cent  and  1  per  cent 
creep.  The  simple  chromium-molybdenum  steel,  with  about  1  per 
cent  manganese,  was  found  to  have  such  narrow  working  ranges  of 
stress  as  to  suffer  by  comparison  with  steel  SE208,  even  through  the 
stresses  producing  0.1  per  cent  creep  in  the  chromium-molybdenum 
steel  were  appreciably  higher  at  all  temperatures  than  for  the  molyb- 
denum-chromium-vanadium  steel. 

Washington,  July  13,  1932. 
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THE  SYNTHESIS,  PURIFICATION,  AND  CERTAIN  PHYSI- 
CAL CONSTANTS  OF  THE  NORMAL  HYDROCARBONS 
FROM  PENTANE  TO  DODECANE,  OF  n-AMYL  BROMIDE 
AND  OF  n-NONYL  BROMIDE1 

By  B.  J.  Mair 


ABSTRACT 

The  normal  paraffin  hydrocarbons  from  pentane  to  dodecane,  n-amyl  bromide 
and  n-nonyl  bromide  have  been  synthesized  and  prepared  in  very  pure  condition. 
The  boiling  points,  freezing  points,  and  refractive  indices  (N'j)  of  these 
compounds  nave  been  measured  and  the  values  compared  with  those  obtained  by 
other  investigators  on  hydrocarbons  isolated  from  petroleum.  Two  crystalline 
modifications  of  n-nonyl  bromide  freezing  at  -29.06°  and  -30.71°  C,  respectively, 
were  discovered. 
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I.  INTRODUCTION 

An  investigation  on  the  electrical  properties  of  insulating  liquids 
in  progress  at  this  bureau  necessitated  the  preparation  of  some  very 
pure  hydrocarbons.  The  normal  paraffin  hydrocarbons  were  selected 
because  the  resistivities  of  liquids  m  this  series  are  among  the  highest 
known,  and  because  an  interpretation  of  the  electrical  properties  of 
liquids  in  terms  of  molecular  structure  should  be  more  readily  accom- 
plished with  their  simple  molecules  than  with  molecules  of  more 
complex  structure.  All  the  members  of  this  series  from  pentane  to 
dodecane  were  prepared.  An  examination  of  the  literature  when  this 
work  was  begun  showed  that  many  of  the  physical  properties  of  these 
substances  were  not  well  established.  Recently,  however,  Shepard, 
Henne,  and  Midgley  (1) 2  isolated  these  hydrocarbons  in  a  high  degree 

•  This  work  is  part  of  an  Investigation  on  the  electrical  properties  of  insulating  liquids  which  is  being  carried 
on  in  cooperation  with  the  Utilities  Research  Commission  (Inc.).  Chicago,  111. 
»  The  figures  in  parentheses  here  and  throughout  the  text  relate  to  the  bibliography  at  the  end  of  this 
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of  purity  from  petroleum,  and  have  published  values  for  their  physical 
constants  which,  in  general,  are  in  satisfactory  agreement  with  those 
obtained  in  this  investigation.  Since,  however,  the  hydrocarbons 
obtained  in  this  work  were  prepared  synthetically,  a  brief  description 
of  the  methods  and  a  comparison  of  the  values  obtained  for  the  physi- 
cal constants  with  those  of  Shepard,  Henne,  and  Midgley  (1)  seems 
desirable. 

In  addition  to  the  hydrocarbons,  two  of  the  intermediates  in  their 
preparation,  n-amyl  bromide  and  n-nonyl  bromide,  were  obtained  in  a 
pure  condition  and  certain  of  their  physical  constants  measured. 
Nonyl  bromide  in  particular  proved  interesting  since  it  was  found  to 
exist  in  two  crystalline  modifications,  a  fact  not  previously  recorded. 

II.  METHODS 

The  methods  used  in  the  purification,  in  the  determination  of 

f)uritv,  and  in  the  measurement  of  the  physical  constants  were  similar 
or  all  the  hydrocarbons  and  are  referred  to  frequently  in  discussing 
the  individual  substances.  It  is  therefore  advisable  to  describe 
these  methods  briefly  at  this  point  before  proceeding  to  a  more 
detailed  description  of  the  individual  syntheses  and  purifications. 

1.  PURIFICATION 

The  physical  methods  employed  were  fractional  distillation  and 
fractional  crystallization.  Apparatus  and  methods  for  efficiently 
pursuing  these  processes  have  been  developed  in  this  bureau,  and  were 
used  with  only  minor  modifications.  The  liquids  were  distilled 
through  a  10-plate  bubble  cap  fractionating  column  (2,  3)  fitted  with 
a  vanable  reflux  regulator  of  the  type  described  by  Marshall  (4). 
The  reflux  ratio  during  the  final  distillation  was  always  greater  than 
10  : 1.  The  distillation  range  was  read  on  a  thermometer  extending 
into  the  vapor  from  the  top  of  the  column.  The  method  employed  in 
fractional  crystallization  (5)  was  to  transfer  the  frozen  material  to  a 
vacuum  funnel,  stir  it  to  a  mush,  and  draw  off  the  mother  liquor  with 
suction.  For  the  liquids  whose  freezing  points  were  higher  than  that 
of  decane,  melting  took  place  so  slowly  that  a  vacuum  funnel  was 
unnecessary.  In  the  case  of  decane,  the  crystals  were  separated 
from  the  mother  liquor  in  a  centrifuge  designed  for  use  at  low  tempera- 
tures by  Hicks-Bruun  and  Bruun  (6). 

2.  FREEZING  POINT  DETERMINATIONS 

The  freezing  point  determinations  were  made  with  a  glass-incased, 
25.5  ohm  (at  the  ice  point),  potential  terminal,  platinum  resistance 
thermometer  of  the  strain-free  type,  using  as  accessories  a  Mueller 
thermometer  bridge  and  commutator.  The  thermometer  was 
calibrated  by  the  heat  division  of  this  bureau. 

The  sample  was  contained  in  a  double-walled  Pyrex  tube.  By 
varying  the  air  pressure  in  the  annular  space  of  this  double  walled 
tube,  any  desired  rate  of  cooling  could  be  obtained.  This  vessel  was 
about  11  inches  in  length  and  was  filled  to  a  depth  of  8M  inches  with 
the  liquid  in  question.  With  the  thermometer  in  place,  the  liquid 
extended  4  inches  above  the  resistance  coil.  The  liquid  coula  be 
stirred  vigorously  by  means  of  a  spiral  of  nickel  chromium  wire  which 
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surrounded  the  thermometer.  After  the  sample  (about  70  ml)  had 
been  introduced  and  the  thermometer  and  stirrer  adjusted  in  place,  a 
thin  brass  tube  (as  a  safety  measure)  was  fitted  over  the  vessel,  which 
was  then  immersed  in  liquid  air.  Freezing  took  place  from  the  walls 
toward  the  center.  Stirring  was  possible  until  the  sample  was  about 
half  frozen.  A  change  in  the  slope  of  the  cooling  curve  was  noticed 
(particularly  if  the  sample  was  impure)  as  soon  as  stirring  stopped. 
This  may  be  explained  on  the  supposition  that  equilibrium  conditions 
were  no  longer  maintained,  and  the  impurities  crystallized  simul- 
taneously with  the  pure  substance.  The  freezing  point  of  any  liquid 
was  taken  as  the  temperature  at  which  the  cooling  curve  (figs.  2  to  11) 
became  approximately  horizontal.  The  principal  criterion  of  purity 
was  the  slope  of  this  approximately  horizontal  portion  of  the  freezing 
point  curve. 

Considerable  precision  was  attained  with  these  arrangements. 
Duplicate  experiments  were  made  with  hexane,  octane,  decane,  and 
dodecane,  ana  in  no  instance  was  a  variation  greater  than  0.002°  C. 
in  the  freezing  point  obtained. 

An  examination  was  made  of  the  thermometric  technique  in  order 
to  determine  how  accurately  the  measured  temperatures  agreed  with 
the  international  scale  of  temperature.  The  question  of  conduction 
through  the  leads  was  studied  by  varving  the  height  of  the  liquid 
above  the  resistance  coil.  Determinations  of  the  freezing  point  of 
hexane  in  which  this  height  was  varied  from  5  to  2  inches  agreed 
within  0.001°  C,  and  indicated  that  with  the  apparatus  in  question 
this  effect  was  negligible.  For  the  thermometer  regularly  used,  the 
values  of  the  constants  given  by  the  heat  division  of  this  bureau 
permitted  the  calculation  of  the  temperature  with  an  accuracy  of 
0.02°  C.  In  order  to  obtain  a  further  test  on  the  accuracy  of  this 
thermometer  and  accessories,  freezing-point  determinations  were 
made  on  two  samples,  using  the  equipment  of  the  low-temperature 
laboratory  of  this  bureau,  with  the  assistance  of  R.  B.  Scott.  The 
values  —56.82°  and  —95.36°  C.  obtained  on  samples  of  octane  and 
hexane  with  the  equipment  of  the  low-temperature  laboratory  com- 
pare well  with  the  values  —56.82°  and  —  95.37°C,  which  had  been 
obtained  on  these  samples  with  the  regular  equipment.  Thus  with 
two  different  thermometers,  bridges,  and  operators  the  maximum 
discrepancy  was  0.01°  C.  It  seems  reasonable  to  conclude  that  the 
thermometric  measurements  do  not  differ  from  the  international 
scale  by  more  than  ±0.02°  C. 

3.  BOILING-POINT  DETERMINATIONS 

The  boiling  points  were  determined  with  the  aid  of  a  platinum 
resistance  thermometer  in  the  apparatus  shown  in  Figure  1.  Vapor 
given  off  from  the  boiling  liquid  m  the  flask  had,  first,  to  pass  through 
liquid  in  the  bubble  cap  Defore  reaching  the  thermometer,  thus 
preventing  superheating.  The  outer  jacket  was  electrically  heated 
sufficiently  to  permit  the  liquids  with  high  boiling  points  to  distill 
over,  but  was  always  kept  somewhat  below  the  boiling  temperature. 
About  half  of  the  50  ml  sample  was  distilled  over  during  a  boiling-point 
determination.  The  temperature  generally  rose  less  than  0.01°  C. 
except  during  the  distillation  of  the  first  few  milliliters  when  the 
thermometer  was  warming  up.    Barometric  pressures  within  0.02 
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Figure  1. — Boiling-point  apparatus 
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mm  were  obtained  immediately  before  and  after  the  boiling-point 
reading  from  the  aeronautic-instruments  section  of  this  bureau. 
The  boiling  points  of  the  hydrocarbons  were  corrected  to  760  mm 
with  the  aid  of  the  values  given  by  Shepard,  Midgley,  and  Henne  (1) 

di 

for  jj^i  the  rate  of  change  of  boiling  point  with  change  of  pressure. 
For  n-amyl  bromide  several  boiling-point  determinations  in  the 
vicinity  of  760  mm  were  used  to  compute  Duplicate  boiling- 
point  determinations  were  made  in  most  cases  and  agreed  within 
0.01°  C. 

4.  REFRACTIVE  INDEX  DETERMINATIONS 

Refractive  indices  were  measured  by  L.  W.  Tilton,  of  the  optical 
instruments  section  of  this  bureau,  with  three  different  Abbe  refrac- 
tometers.  Each  was  calibrated  with  distilled  water  and  with  several 
prismatic  standards  of  refractivity  whose  indices  had  been  previously 
measured  on  a  spectrometer  by  the  method  of  minimum  deviation  (7). 
The  observations  on  these  liquids  were  made  at  water  jacket  temper- 
atures of  25°  C.  in  a  room  the  temperature  of  which  was  between 
23°  and  24°  C.  On  each  instrument  two  series  of  measurements  were 
made  in  which  the  liquids  were  sampled  in  the  direct  and  also  in  the 
reverse  order  of  their  optical  densities.  Each  of  these  samplings  con- 
sisted of  two  successive  applications  of  liquid  to  the  refractometer 
block  bv  means  of  a  clean  glass  rod,  and  the  instruments  were  set 
and  read  twice  after  each  application. 

The  precision  of  these  refractive  index  readings  is  characterized 
by  probable  errors  of  a  few  units  in  the  fifth  decimal  place.  With 
instruments  so  calibrated  an  accuracy  of  ±5X10'5  is  attainable 
when  using  solid  samples.  With  liquids,  however,  the  accuracy  may 
be  affected  by  contamination  of  the  small  samples  when  they  come  in 
contact  with  the  cement  which  holds  the  refractometer  block  in  its 
water  jacket.  Also,  the  high  volatility  of  some  of  the  samples  of 
lower  index  causes  them  to  cool  appreciably  and,  perhaps,  to  maintain 
a  temperature  lower  than  that  indicated  by  the  thermometer  which  is 
immersed  in  the  jacketing  stream.  In  accord  with  this  supposition 
the  results  on  the  different  refractometers  do  not  agree  as  well  for  the 
»  liquids  having  the  lower  indices.  In  no  case,  however,  does  the  index 
as  determined  by  any  one  refractometer  depart  from  the  mean 
recorded  in  Table  1  by  more  than  ±  12  X  10"*,  the  average  of  such 
departures  being  ±  3  X  10"5. 

III.  SYNTHESIS  AND  PURIFICATION 

The  synthesis  and  purification  of  the  hydrocarbons  and  some  of 
their  intermediate  products  are  described  in  the  following  paragraphs. 

1.  n-PENTANE 

The  Sharpies  Solvent  Corporation,  of  Philadelphia,  kindly  supplied 
a  gallon  of  amyl  alcohol  for  this  preparation.  This  material  was 
stated  by  them  to  be  a  mixture  of  2-pentanol  and  3-pentanol  with  not 
more  than  1  per  cent  of  tertiary  amyl  alcohol  and  possibly  a  trace  of 
diamylene.    Fractional  distillation  yielded  a  large  middle  fraction 
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boiling  between  116.4°  and  118.4°  C,  which  was  undoubtedly  a 
mixture  of  2  and  3  pentanol.  Both  of  these  substances  on  dehydra- 
tion and  subsequent  hydrogenation  yield  n-pentane.  The  dehydra- 
tion was  performed  with  the  use  of  sulphuric  acid  exactly  as  described 
in  Organic  Syntheses  (8).  The  pentenes  thus  obtained  were  fraction- 
ated and  the  portion  which  distilled  between  35.8°  and  36.4°  C.  was 
retained.  The  pentenes  were  then  hydrogenated  by  passage  through 
a  reaction  tube  filled  with  nickel  catalyst  maintained  at  140°  C. 
Practically  complete  reduction  took  place  in  one  passage.   The  re- 
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Figure  2. — n-pentane  cooling  curve 
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suiting  pentane  was  shaken  three  times  with  concentrated  sulphuric 
acid,  then  washed  twice  with  a  10  per  cent  solution  of  sodium  car- 
bonate, and  finally  with  water.  After  drying  with  calcium  chloride, 
the  pentane  was  fractionally  distilled  three  times.  About  750  ml 
boiling  over  a  range  of  0.03°  C.  was  collected  as  pure  material.  An 
examination  of  the  freezing  point  curve  (fig.  2)  indicates  the  high 
purity  of  the  sample.  The  material  froze  between  — 129.735°  and 
-  129.761°  C,  a  range  of  0.026°  C. 

2.  n-HBXANE 

The  starting  material  in  this  svn thesis  was  n-propyl  alcohol.  It 
was  converted  into  the  bromide  by  the  hydrobromic-sulphuric  acid 
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Figubb  Z.—n-hexane  cooling  curves 


method  (9).  The  bromide  was  then  converted  into  hexane  by  treat- 
ment with  sodium  shot,  using  the  method  employed  bv  Faillebin  (10). 
The  last  traces  of  n-propyl  bromide  were  removed  f>y  refluxing  the 
crude  hexane  with  liquid  sodium  potassium  alloy  for  four  hours.  The 
hexane  was  then  shaken  with  cold  concentrated  sulphuric  acid  until 
the  acid  layer  was  colorless,  then  shaken  with  a  10  per  cent  solution 


Digitized  by  Google 


Mair) 


Synthetic  Hydrocarbons 


463 


of  sodium  carbonate,  then  with  water,  and  finally  dried  with  anhy- 
drous calcium  chloride.  This  material  was  fractionally  distilled 
thrice,  and  1,500  ml  which  distilled  within  0.04°  C,  was  obtained. 
It  was  collected  in  two  nearly  equal  fractions  which  showed  a  pro- 
nounced difference  in  freezing  behavior,  although  distilling  within 
0.04°  C.  (Fig.  3.)  The  second  fraction  (Curve  II)  gave  a  more 
nearlv  horizontal  curve  and  froze  0.12°  C.  higher  than  the  first 
fraction.  (Curve  ///.)  A  400-ml  portion  of  the  second  fraction  was 
stirred  with  175  ml  of  chlorosulphonic  acid  at  45°  C.  for  seven  hours. 
(This  reagent  has  been  reported  as  efficacious  in  the  removal  of 
branch  chain  hydrocarbons  (11,  12).)  After  washing  thrice  with  a 
10  per  cent  solution  of  sodium  hydroxide  and  once  with  water,  the 
sample  was  dried  with  calcium  chloride  and  again  distilled.  The 
freezing  range  of  this  sample  as  shown  in  Curve  /  (  —  95.342°  t*> 
—  95.368°  C.)  was  only  0.026°  C,  and  indicated  that  the  hexane  was 
of  high  purity. 

3. 


Several  liters  of  heptane,  the  original  source  of  which  was  the 
Jeffrey  pine,  was  furnished  by  Graham  Edgar,  of  the  Ethyl  Gasoline 
Corporation.    This  material  was  of  very  high  purity,  as  is  illustrated 
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Figure  4. — n-heptane  cooling  curves 

bv  its  freezing  behavior.  (Fig.  4,  Curve  II.)  Vigorous  treatment 
with  chlorosulphonic  acid  and  subsequent  distillation  raised  the  freez- 
ing point  0.008°  C.  Curve  /  illustrates  the  freezing  behavior  of  the 
treated  sample.  This  sample  froze  from  —90.619°  to  —  90.628°  C, 
a  range  of  only  0.009°  C,  indicative  of  exceptionally  high  purity. 
The  same  value,  —90.62°  C,  was  obtained  on  a  sample  of  heptane 
isolated  from  petroleum  by  Hicks-Bruun  and  Bruun  (6). 

4.  n-OCTANfe 

The  starting  material  in  this  svn thesis  was  n-butyl  alcohol.  It  was 
converted  into  the  bromide  by  the  hydrobromic-sulphuric  acid 
method  (9).  The  bromide  was  then  converted  into  octane  in  a 
manner  similar  to  that  employed  by  Lewis,  Hendricks,  and  Yohe  (13). 
The  procedure  was  as  follows:  Sodium  in  73  g  portions  was  converted 
to  a  finely  divided  shot  by  melting  and  shaking  under  xvlene  in  a 
1-liter  3-necked  Pyrex  flask.  The  xylene  was  decanted  and  the 
sodium  washed  several  times  with  anhydrous  ether.  It  was  then 
covered  with  300  ml  of  anhydrous  ether  and  the  flask  fitted  with  a 
dropping  funnel,  stirrer  with  mercury  seal,  and  reflux  condenser  with 
calcium  chloride  tube.  The  flask  was  placed  in  an  ice-water  bath, 
the  stirrer  started,  and  384  g  of  n-butyl  bromide  run  in  over  a  period 
of  three  hours.    The  excess  sodium  was  destroyed  by  running  water 
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into  the  mixture.  The  octane  layer  was  drawn  off,  and  the  ether  and 
octane  separated  by  fractional  distillation.  The  impure  octane  was 
then  refluxed  with  a  10  per  cent  solution  of  sodium  hydroxide  in 
alcohol  for  several  hours  to  destroy  any  unconverted  butyl  bromide. 
Water  was  then  added,  and  the  octane  separated  from  the  aqueous 
layer.  It  was  shaken  with  cold  concentrated  sulphuric  acid  until 
the  acid  layer  remained  colorless;  then  shaken  with  a  10  per  cent 
solution  of  sodium  carbonate,  then  with  water,  and  finally  dried  over 
calcium  chloride.  In  this  way  3,200  ml  of  crude  material  was  pre- 
pared. It  was  fractionally  distilled  four  times.  At  the  end  of  this 
fractionation,  1,800  ml  of  material  distilling  within  a  range  of  0.04°  C. 
was  obtained.  This  material  was  collected  in  two  equal  fractions 
which  had  the  same  freezing  point.  However,  judging  from  the 
slppe  of  the  freezing-point  curve  (fig.  5,  Curve  lit),  it  was  not  yet 
pure.  A  sample  further  purified  by  three  fractional  crystallizations 
froze*  as  shown  in  Curve  77.  This  material,  although  freezing  at  a 
higher  temperature,  still  showed  almost  as  great  a  freezing  range. 
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Figure  5. — n-octane  cooling  curves 

Another  sample  was  stirred  with  chlorosulphonic  acid  at  45°  C.  for 
seven  hours  and  this  treatment  repeated  with  fresh  chlorosulphonic 
acid  three  times.  The  octane  was  separated  from  the  chlorosulphonic 
acid,  washed  with  a  10  per  cent  solution  of  sodium  hydroxide,  then 
with  water,  dried  over  calcium  chloride,  and  again  fractionally  dis- 
tilled. As  a  result,  270  ml  of  material  was  obtained,  freezing  between 
-56.815°  and  -56.840°  C,  a  range  of  0.025°  C,  which  indicates  its 
high  purity. 

5.  n-NONANE  AND  rj-NONYL-BROMIDE 

The  starting  materials  in  this  synthesis  were  n-heptyl  bromide  and 
ethylene  oxide  obtained  from  Eastman  Kodak  Co.  and  from  Carbide 
&  Carbon  Chemicals  Corporation.  From  these  n-nonyl  alcohol  was 
prepared  according  to  the  following  reactions: 

CH,  (CH2)6  CH2  Br  +  Mg  >  CH,  (CH,)5  CH2  Mg  Br 

CHa  (CH2)5  CH2  Mg  Br  +  CH2  -  CH2  > 

\>/ 

CH3  (CHa)7  CH2  OMg  Br  >  CH3  (CH2)7  CH2  OH 
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This  method  is  exactly  analogous  to  the  preparation  of  n-hexyl 
alcohol  from  n-butyl  bromide  and  ethylene  oxide  described  in  Organic 
Syntheses  (14).  The  n-nonyl  alcohol  was  fractionally  distilled  under  a 
pressure  of  83  mm.  From  the  original  1,000  g  of  n-heptyl  bromide, 
545  ml  of  n-nonyl  alcohol  distilling  between  143.7°  and  144°  C.  was 
obtained.  This  purified  alcohol  was  converted  into  n-nonvl  bromide 
by  the  hydrobromic-sulphuric  acid  method  (9).  The  resulting  prod- 
uct was  fractionally  distilled  at  83  mm  and  the  material  distilling 
between  144.55°  and  144.60°  C.  used  in  the  synthesis  of  n-nonane. 

The  n-nonvl  bromide  wns  converted  in  the  usual  manner  into 
nonyl  magnesium  bromide,  which  was  then  decomposed  with  ice  and 
the  nonane  separated  by  stetim  distillation.  It  was  then  shaken  in 
turn  with  concentrated  sulphuric  acid,  10  per  cent  sodium  carbonate 
solution,  dried  over  calcium  chloride,  and  fractionally  distilled  once. 
A  yield  of  210  ml  of  /i-nontmn  distilling  within  a  range  of  0.03°  C. 
was  obtained.  The  freezing  behavior  is  shown  in  Figure  6.  The 
freezing  range  from  -53.700°  to  -53.754°  C.  was  0.054°  C,  which 
is  somewhat  greater  than  that  obtained  for  the  other  hydrocarbons, 
indicating  a  less  pure  material.    The  freezing  point,  -53.70°  C,  is 
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Figure  6.— n-noruwe  cooling  curve 

lower  than  the  value  —53.68°  C.  given  by  Shepard,  Henne,  and 
Midgley  (1),  and  the  value  -53.65°  C.  obtained  on  a  sample  of  very 
pure  nonane  isolated  by  White  and  Rose  (15)  from  petroleum. 

The  behavior  of  n-nonyl  bromide  during  its  freezing  point  measure- 
ments indicated  clearly  that  two  crystalline  modifications  of  this 
substance  exist.  Curve  I  (fig.  7)  is  a  time  temperature  cooling  curve 
obtained  in  the  usual  manner  with  stirring.  The  temperature,  after 
remaining  constant  at  —30.71°  C.  for  about  seven  minutes,  rose 
abruptly  to  -29.06°  C,  and  again  remained  approximately  constant 
for  a  short  time.  Simultaneously  with  this  rapid  temperature  change, 
stirring  became  much  easier.  If  the  liquid  was  not  stirred,  crystal- 
lization occurred  at  —30.71°  C.  without  the  appearance  of  the  /?- 
modification.  Curves  //  and  777  are  heating  curves,  Curve  II  showing 
the  behavior  of  a  sample  which  had  been  frozen  with  stirring  and  in 
which  the  0-phase  had  made  its  appearance,  while  Curve  III  shows 
the  behavior  of  a  sample  frozen  without  stirring  in  which  the  0-phase 
had  not  appeared.  These  curves  show  a  difference  in  melting  behav- 
ior and  afford  confirmation  of  the  existence  of  two  mocUncations. 
The  freezing  point  of  the  a-modification  is  —  30.71°  C.  The  freezing 
point  of  the  0-modification  can  not  be  stated  so  definitely,  since  it  is 
possible  that  the  approximately  flat  portion  of  the  Curve  (7)  is  caused 
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by  an  equality  between  the  loss  of  heat  to  the  surroundings  and  the 
gain  in  heat  caused  by  the  transformation.  The  freezing  point  of  the 
^-modification,  however,  can  not  be  below  —29.06°  C,  and  judging 
from  the  heating  Curve  (III),  it  seems  improbable  that  it  can  be 
appreciably  higher.  Moreover,  in  another  time-temperature  cooling: 
experiment,  a  horizontal  portion  of  the  curve  was  obtained  at  —  29.06° 
C.  Thus  it  seems  probable  that  —29.06°  C.  represents  the  true 
freezing  temperature  of  the  /^-modification. 


-ZBJtft 


Figure  7. — n~nonyl  bromide 
I,  cooling  carve,  //  and  ///  besting  corves 

6.  n-DECANE  AND  n-AMYL  BROMIDE 

The  starting  material  in  this  synthesis  was  Eastman's  n-propyl 
alcohol.  It  was  converted  to  n-propyl  bromide  by  the  hydrobromic- 
sulphuric  acid  method  (9).  The  resulting  bromide  was  fractionally 
distilled  once.  The  bromide  was  then  converted  to  n-amyl  alcohol 
by  the  use  of  ethylene  oxide  in  a  manner  exactly  analogous  to  that  of 
the  preparation  of  n-hexyl  alcohol  from  n-butyl  bromide  and  ethylene 
oxide,  described  in  Organic  Synthesis  (14).  The  n-amyl  alcohol 
was  fractionally  distilled  twice  and  1,600  ml  of  material  distilling 
between  137.82°  and  137.92°  C.  obtained.  This  was  converted  to  the 
bromide  by  the  hydrobromic-sulphuric  acid  method  (9)  and  1,150  ml 
of  the  bromide  distilling  between  129.40°  and  129.50°  C.  obtained. 
The  freezing  range  of  this  material  (fig.  8)  was  only  0.014°  C.  and 
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indicated  it  to  be  of  high  purity.  This  material  was  used  to  synthe- 
size decane  as  follows:  Pea-sized  sodium  pellets  were  added  through 
a  reflux  condenser  to  100  ml  portions  of  amyl  bromide  in  a  500  ml 
flask  at  such  a  rate  that  the  liguid,  which  was  first  heated  to  boiling, 
continued  to  boil  gently.  After  no  more  sodium  could  be  added 
(owing  to  accumulation  of  solid),  the  reaction  mixture  was  cooled, 
treated  with  water,  and  the  hydrocarbon  layer  separated  and  dried 
with  calcium  chloride.    This  process  was  repeated  three  times  before 
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Figure  8. — n-amyl  bromide  cooling  curve 


the  amyl  bromide  was  practically  completely  converted.  Finally 
the  decane  was  refluxed  over  sodium  potassium  alloy  for  six  hours  to 
remove  the  last  traces  of  amyl  bromide.  The  decane  was  decanted 
from  the  alloy  and  shaken  in  turn  with  several  portions  of  cold  con- 
centrated sulphuric  acid  until  the  acid  remained  colorless,  then  shaken 
with  10  per  cent  sodium  carbonate  solution,  and  finally  with  water. 
It  was  then  fractionally  distilled  once.  Practically  all  the  sample  of 
505  ml  distilled  between  173.37°  and  173.47°  C.  It  was  collected 
in  two  nearly  equal  fractions,  one  between  173.37°  and  173.43°  C, 
the  other  between  173.43°  and  173  47°  C.  The  freezing  points  of 
these  two  fractions  were  -29.88°  and  -29.76°  C,  respectively. 


Fioure  9. — n-decane  cooling  curves 


The  cooling  curve  for  the  sample  which  gave  -29.76°  C.  as  the 
freezing  point  is  shown  in  Figure  9  (Curve  II).  Shortly  after  this 
sample  was  obtained  Bruun  and  Hicks-Bruun  (16)  obtained  from 
petroleum  by  distillation  and  by  crystallization,  with  the  use  of  a 
centrifuge,  a  decane  sample  of  exceptional  purity  freezing  at 
—  29.68  C.  By  fractional  crystallization  with  the  same  centrifuge, 
the  freezing  point  of  the  synthetic  sample  was  raised  to  the  identical 
value  -  29.68°  C.  The  freezing  range  from  -  29.680°  to  -  29.692°  C. 
(Curve  /,  fig.  9)  indicates  very  high  purity. 
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7.  n-UNDECANE 

The  starting  materials  in  this  synthesis  were  Eastman's  best  grade 
of  7i-heptyl  bromide  and  n-butyraldehyde  from  which  4-undeeanol 
was  synthesized  as  follows:  A  50  ml  portion  of  a  mixture  of  537  g  of 
n-heptyl  bromide  in  900  ml  of  anhydrous  ether  was  run  onto  75  g 
of  magnesium  in  a  5-liter  3-necked  flask,  fitted  with  reflux  condenser, 
stirrer  with  mercury  seal,  and  dropping  funnel.  A  crystal  of  iodine 
was  added  and  the  reaction  started  by  warming  slightly.  The 
remainder  of  the  heptyl  bromide  in  ether  was  then  dropped  in  at 
such  a  rate  that  the  reaction  mixture  boiled  gently.  After  all  the 
heptyl  bromide  had  been  added,  216  g  of  butyraldehyde  in  200  ml 
of  ether  was  run  in  slowly.  The  reaction  mixture  was  allowed  to 
cool,  decomposed  with  ice  and  dilute  sulphuric  acid,  filtered  through 
glass  wool  to  remove  the  magnesium  residue,  and  the  4-undecanol 
layer  separated.  This  material  was  fractionally  distilled  once  at 
93  mm  pressure;  1,230  g  of  4-undecanol  distilling  from  155°  to  157°  C. 
was  obtained  from  3,000  g  of  n-heptyl  bromide. 

The  dehydration  of  4-undecanol  should  yield  a  mixture  of  two 
undecylenes,  depending  on  the  manner  in  which  water  splits  ofT. 
Thus 

C2H5CHCHCH2C6H13-*  CjHaCH^CH.CHjC^H,, 


H  OH 


or 

CjHj'CHa'CH'CH'CoHia— >  C2H5-CH2*CH  =  CH'CftHi3 


OH  H 


Both  of  these  undecylenes  should  yield  n-undecane  on  hydrogenation. 

However,  the  dehydration  of  4-undecanol  proved  to  be  difficult. 
Attempts  to  dehydrate  it  by  heating  with  60  per  cent  sulphuric  acid, 
by  refluxing  with  zinc  chloride,  by  distilling  from  iodine,  and  by 
passing  the  vapor  over  aluminium*  oxide  at  350°  C,  were  entirely 
unsatisfactory  and  yielded  no  undecylenes.  By  running  the  alcohol 
into  sirupy  phosphoric  acid  at  250°  C,  a  small  quantity  of  undecylene 
was  obtained.  Ross  and  Leather  (17)  obtained  an  undecylene  from 
methyl  nonyl  carbinol  by  heating  the  alcohol  on  a  steam  bath  with 
phosphorus  pentoxide.  This  method  was  tried  and  proved  more 
satisfactory.  About  200  ml  of  4-undecanol,  with  100  g  phosphorus 
pentoxide  was  placed  in  a  500-ml  flask  fitted  with  a  reflux  condenser 
and  calcium  chloride  tube.  The  flask  was  then  heated  for  eight 
hours  on  a  steam  bath.  The  resulting  pasty  material  was  extracted 
with  ether  and  the  extract  fractionally  distilled.  In  addition  to  the 
undecylenes  distilling  from  191°  to  193°  C,  a  considerable  quantity 
of  material  (almost  half)  distilled  in  the  range  from  222°  to  223°  C. 
This  material  gave  the  phenylhydrazine  test  for  a  ketone.  It  was 
probably  propyl  heptyl  ketone  and  resulted  from  the  oxidizing  action 
of  phosphorus  pentoxide.  This  ketone  was  reduced  to  4-undecanol 
by  mixing  with  an  equal  volume  of  amyl  alcohol,  and  adding  an  excess 
of  sodium  in  small  pieces  to  the  boiling  mixture.  It  was  then  washed 
with  water,  dried,  and  separated  from  the  amyl  alcohol  by  fractional 
distillation.  It  distilled  at  atmospheric  pressure  from  228°  to  229°  C. 
The  4-undecanol  thus  obtained  was  treated  with  phosphorus  pentoxide 
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as  before  and  more  undecylene  obtained.  Altogether  800  ml  of  unde- 
cylene  was  obtained  from  1,230  g  of  4-undecanol. 

Attempts  to  hydrogenate  the  undecylene  to  undecane  by  passage 
over  a  nickel  catalyst  at  200°  C.  were  not  satisfactory.  The  first 
small  portion  which  was  collected  was  almost  completely  hydrogen- 
ated,  put  the  catalyst  soon  became  inactive,  presumably  owing  to 

Eoisoning  by  impurities  in  the  undecylene.  The  undecylene  was, 
owever,  satisfactorily  hydrogenated  by  passage  over  a  copper  chro- 
mite  catalyst  (18)  at  200°  C,  this  catalyst  being  less  readily  poisoned 
than  nickel.  The  undecylenes  remaining  unconverted  were  removed 
by  shaking  with  cold  concentrated  sulphuric  acid.  The  undecane 
was  washed  with  a  10  per  cent  solution  of  sodium  carbonate  and  dried 
with  calcium  chloride.  Approximately  700  ml  of  crude  undecane 
was  obtained.  This  material  was  quite  impure.  After  four  frac- 
tional distillations  350  ml  was  obtained  distilling  over  a  range  of  0.5° 
C.  Freezing  point  measurements  showed  that  this  material  was  still 
c^uite  impure.  Fractional  crystallization  was  used  for  final  purifica- 
tion and  the  progress  of  purification  followed  with  the  platinum  resist- 
ance thermometer.    After  many  fractional  crystallizations  75  ml  of 
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Figure  10. — n-undecanc  cooling  curve 

very  pure  material  was  obtained,  75  ml  only  slightly  less  pure,  and 
100  ml  of  fairly  pure  material.  The  freezing  range  of  the  purest 
sample,  from  -25.613°  to  -25.635°  C,  was  only  0.022°  C.  and  is 
indicative  of  high  purity.    (Fig  10.) 

8.  n -DODECANE 

The  starting  materials  in  this  synthesis  were  n-butyl  bromide  and 
ethylene  oxide  from  which  hexyl  alcohol  was  synthesized  as  described 
in  Organic  Syntheses  (14).  The  hexyl  alcohol  resulting  was  fraction- 
ally distilled  and  the  portion  distilling  between  156°  and  157°  C.  con- 
verted into  the  bromide  by  the  hydrobromic-sulphuric  acid  method 
(9).  Practically  all  of  this  hexyl  bromide  distilled  between  155.20° 
and  155.32°  C. 

Dodecane  was  prepared  from  the  hexyl  bromide  by  the  use  of 
sodium  in  exactly  the  same  manner  as  decane  from  amyl  bromide. 
Finally  the  dodecane  was  refluxed  over  sodium  potassium  alloy  for 
six  hours  to  remove  the  last  traces  of  hexyl  bromide.  The  dodecane 
was  then  decanted  from  the  alloy  and  shaken  with  several  portions 
of  cold  concentrated  sulphuric  acid  until  the  acid  remained  colorless, 
then  shaken  with  a  10  per  cent  solution  of  sodium  carbonate  and  finally 
with  water.  Two  fractional  distillations  at  atmospheric  pressure 
yielded  570  ml  of  dodecane  with  a  distilling  range  of  0.2°.  It  had  a 
slightly  acrid  odor,  and  evidently  contained  unsaturated  compounds 
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caused  by  cracking  at  the  high  temperature  necessary  to  distill  at 
atmospheric  pressure.  Its  freezing  behavior  indicated  that  it  was 
not  pure.  (Fig.  11,  Curve  //.)  After  manv  crystallizations,  a  75  ml 
sample  with  the  freezing  behavior  shown  in  Curve  /  was  obtained. 
This  material  froze  from  -9.609°  to  -9.669°,  a  range  of  0.06°  C, 
indicative  of  a  fairly  pure  material,  through  probably  not  as  pure  as 
some  of  the  other  hydrocarbons  obtained. 


-Arc 


Figure  11. — n-dodecane  cooling  curve* 

IV.  COMPARISON  OF  PHYSICAL  CONSTANTS  WITH  THOSE 
OF  SHEPARD,  HENNE,  AND  MIDGLEY 

Physical  constants  of  all  the  hydrocarbons  described  in  this  paper 
are  available  in  the  literature.  In  general,  the  criteria  of  purity 
were  not  as  strict  as  those  employee!  in  this  investigation  and  the 
methods  of  determining  the  constants,  in  particular  the  methods  of 
detennining  temperature,  were  not  sufficiently  refined  to  yield  results 
of  high  accuracy.  In  consequence,  the  freezing  points  reported  in  the 
literature  differ  widely.  Tne  values  obtained  on  samples  isolated 
from  petroleum  at  this  bureau,  to  which  reference  has  already  been 
made  (6,  15,  16)  and  the  values  obtained  by  Shepard,  Henne,  and 
Midgley  (1)  are  notable  exceptions  to  this  statement.  Only  Shepard, 
Henne,  and  Midgley  (1)  have  recorded  values  for  the  entire  series 
from  pen  tan  e  to  dodecane.  Their  values,  moreover,  were  obtained  on 
samples  isolated  from  petroleum,  so  that  a  comparison  with  values 
on  samples  obtained  in  an  entirely  different  manner;  that  is,  by 
synthesis,  is  valuable  in  establishing  the  true  value  of  the  constants. 
For  these  reasons  only  the  values  of  Shepard,  Henne,  and  Midgley  (1) 
are  recorded  for  comparison  in  Table  1 . 
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Table  1. — Physical  constants  of  normal  hydrocarbons 


.Substance 

Boiling  point  at 
7<*>  nun  i 

Freezing  point  in  air 

Refractive  indei  N1^ 

Author 

Shepard, 
llentie, 

ttnd 
Midgley 

Author 

Shepard, 
rTenne.  and 
Midgley 

Author 

Shopard 
Denne, 

and 
Midgley 

°C. 

*C. 

°c. 

°C. 

°C\ 

3»>  Ofi 

a«.  00 

-129.  ts 

-129  03 

1.  35470 

1.  35-195 

HeiMie 

tW.  70 

tiH.  71 

-95.  34 

-95.  3'J 

1.  37224 

1.37230 

Heptane. .   _ .. 

fts. :» 

98.38 

-90.  «2 

-90.  tio  -90.  t»:>  3 

i.:«5io 

1.38553 

125.  .yj 

125.  59 

-.V3.S2 

-  5*5.  90 

1.  39509 

1.  39534 

Nonane  _   

150.  72 

loO.  71 

-53.  70 

-•••3.  *W  -53.  W>  1 

1.40318 

1.40340 

Decade  ....  

174.  OJ 

174.  Gfl 

-20.  GS 

-29.  70  -29.08  > 

1.  40961 

1.40986 

-25.61 

-  25.  fift 

1.  4149ft 

1.41516 

DodexMnt? '  

-9.81 
-94.  67 

-m  71 

-211.  Ofi 

-y.  73 

1.41952 
1.44199 
1.45221 
1.  45221 

1.41967 

129  .  5» 

fl-N'onvl  hronii<te 

1 

>  The  values  for  dt»ldp  fur  the  hydrocarbons  were  taken  from  the  paper  by  Shepard,  Henne,  and  Midg- 
ley 0)  while  that  for  amy!  bromide  wus  determined  and  found  equal  to  0.048°  /mm. 

»  The  boiling  point  of  nndecane  and  dodecane  and  n-nonyl  bromide  were  not  determined  owing  to  the 
probability  ot  some  thermal  decomposition. 

>  Values  obtained  on  samples  isolated  from  petroleum  by  Hlcks-Bruun  and  Bruun  (6)  (heptane),  White 
and  Rose  (15)  (nonane),  and  Bruun  and  Ricks-Brunn  (1C)  (decane). 

The  agreement  between  these  two  sets  of  values  of  physical  con- 
stants, although  somewhat  less  satisfactory  than  is  to  be  desired,  is 
nevertheless  much  superior  to  that  generally  obtained  by  investiga- 
tors on  the  physical  constants  of  organic  liquids.  The  greatest 
discrepancy  occurs  with  pentane  in  which  there  is  a  difference  of 
0.06°  m  the  boiling  point  and  0.2°  in  the  freezing  point.  The  agree- 
ment on  the  boiling  points  from  hexane  to  nonane  is  excellent.  The 
freezing  point  agreement  is  not  so  satisfactory.  With  the  exception 
of  nonane  (which  was  not  quite  pure),  the  freezing  point  values 
obtained  in  this  work  are  all  higher  than  those  obtained  by  Shepard, 
Henne,  and  Midgley  (1).  It  is  probable  that  the  higher  values 
should  be  considered  the  more  reliable  since  impurities,  except  with 
one  type  of  solid  solution,  lower  the  freezing  point.  Dodecane,  as 
shown  by  the  slope  of  the  freezing  point  curve,  was  not  quite  pure, 
and  it  seems  possible  that  the  true  freezing  point  may  be  still  higher 
than  the  value  recorded  here,  by  from  0.05°  to  0.1°  C.  Unfortu- 
nately, sufficient  dodecane  was  not  available  to  continue  the  fractional 
crystallization  and  test  this  point.  The  other  hydrocarbons  were 
purer  than  nonane  and  dodecane  and  their  freezing  points  are  prob- 
ably correct  within  0.02°  to  0.05°  C. 

The  values  recorded  here  for  the  refractive  indices  are  lower  than 
those  given  by  Shepard,  Henne,  and  Midgley  (1).  The  average 
value  of  the  differences  is  22  X 10"*. 

Refractive  indices  are  not  a  sensitive  test  for  small  amounts  of 
impurities,  particularly  if  the  refractive  index  of  the  impurity  is 
close  to  that  of  the  pure  substance.  Thus  1  per  cent  of  heptane  in 
99  per  cent  of  octane  with  refractive  indices  of  1.38510  and  1.39509, 
respectively,  would  give  a  liquid  with  refractive  index  of  1.39499, 
differing  by  only  10  X  10"&  from  that  of  pure  octane.  A  calculation 
based  on  the  differences  between  the  freezing  point  values  given  by 
Shepard,  Henne,  and  Midgley  (1),  and  those  recorded  here,  shows 
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that  the  difference  in  purity  is  generally  much  less  than  1  mole  per 
cent.  Since  the  impurities  most  likely  to  be  present  in  both  cases 
are  isomers,  the  refractive  indices  of  which  do  not  differ  greatly 
from  those  of  the  normal  hydrocarbons,  it  is  improbable  that  the 
average  value  for  the  difference,  22  X  10~5,  can  be  accounted  for  by 
impurities,  but  instead  is  attributable  to  differences  in  the  instru- 
ments or  methods  of  measurement. 
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A  STUDY  OF  SOME  CERAMIC  BODIES  OF  LOW  ABSORP- 
TION MATURING  AT  TEMPERATURES  BELOW  1 ,000°  C. 

By  R.  F.  Geller  and  D.  N.  Evans 


ABSTRACT 

This  paper  contains  a  report  of  an  investigation  involving  the  development  and 
testing  of  a  number  of  ceramic  bodies  of  the  whiteware  type  containing  synthetic 
flux  and  maturing  below  1,000°  C.  The  bodies  compare  favorably  in  transverse 
breaking  strength  with  earthenware,  are  nearly  white  in  color  and  vary  in  ab- 
sorption from  1  to  5  per  cent.  The  resistance  to  mechanical  abrasion  is  higher 
than  that  of  nonceramic  flooring  materials,  such  as  marble.  Glazed  specimens 
resisted  crazing  satisfactorily  in  laboratory  tests. 
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I.  INTRODUCTION 

The  idea  of  using  artificially  prepared  fluxing  agents  in  ceramic 
bodies  to  produce  structures,  having  desirable  strength  and  porosity, 
at  temperatures  below  those  required  by  the  feldspathic  fluxes  is  not 
new.1  According  to  the  Encyclopaedia  Britannica  this  idea  had  its 
inception  not  later  than  1581,  when  a  factory  was  established  at 
Florence  under  the  patronage  of  Francesco  de  Medici  to  produce 
white  porcelain  by  introducing  common  glass  into  the  body.  The 
manufacture  was  continued  at  Pisa,  and  similar  porcelain  is  attributed 
to  Candiana  near  Padua.    Another  factory,  founded  at  St.  Cloud, 

>  Encyclopaedia  Britannica.  vol.  18,  14th  ed.,  p.  351,  which  refers  to  "Pottery  and  Porwlain,  A  Hand- 
book for  Collectors."  Vol.  Ill,  E.  Hannover  (Ed.  B.  Lockbara).  A.  B.  Searle,  Encyclopedia  of  Ceramic 
Industries,  vol.  2,  p.  377. 
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had  grown  to  considerable  size  by  the  end  of  the  seventeenth  cen- 
tury. Searlc  states  that  porcelains,  heated  at  low  temperatures  and 
made  translucent  by  the  aid  of  especially  prepared  glassy  mixtures 
of  frit  were  first  produced  at  St.  Cloud  in  1727  and  at  Vincennes  in 
1740.  These  porcelains  are  now  known  as  Pate  Tendre  or  soft  paste 
and  are  matured  at  temperatures  above  1,000°  C.2  The  same  idea 
has  been  applied  in  more  recent  times  to  the  manufacture  of  a  type 
of  ware  named  belleek,  presumably  after  Belleek  in  County  Fer- 
managh, Ireland. 

The  last  few  years  have  witnessed  a  renewed  interest  in  the  use  of 
artificially  prepared  fluxes.  With  the  development  of  methods  for 
utilizing  the  electric  current  as  a  means  for  producing  controlled 
temperatures,  there  naturally  arises  the  question  of  the  possibility  of 
adapting  this  source  of  heat  to  the  maturing  of  ceramic  whiteware. 
It  has  been  proven  practicable  to  heat  some  classes  of  whiteware  by 
passing  the  electric  current  through  nonmetallic  resistors.  However, 
it  would  be  an  added  economy  and  convenience  if  bodies  of  satisfac- 
tory qualities  could  be  matured  at,  or  below,  1,000°  C.  and  conse- 
quently in  furnaces  of  the  metallic  resistor  type.  The  information 
contained  in  the  literature  3  is  lacking  in  specific  data,  particularly 
with  reference  to  bodies  produced  at  temperatures  below  1,000°  C. 
Moreover  the  field  covered  by  the  patent  literature  referred  to  is  in 
general  that  of  earthenware. 

It  was  therefore  the  purpose  of  this  investigation  to  determine  the 
properties  of  a  limited  number  of  bodies  having  low  absorptions  and 
maturing  below  1,000°  C,  and  to  obtain  results  serving  as  a  guide  to 
future  industrial  developments. 

1  Temperature*  ivre  expressed  In  degrees  Centigrade  throughout  this  report. 

»  German  Patent  No.  182107  (Mar.  19,  1907);  British  Pateuta  N'os.  253184  (June  9.  1926),  302519  (Dec.  20, 
1928),  318188  (Aug.  30,  1929).  an <1  323379  (Jan.  2.  1030);  U.  S.  Patents  Noe.  1749642  (Mar.  4,  1930),  Re.  17656 
(May  6,  1930)  and  1819686  (Aug.  18,  1931).  Alio,  P.  F.  Collins,  J.  Am.  Car.  Soc.,  vol.  11  (9),  p.  706,  19-2*; 
and  vol.  15  (1),  p.  17,  1932. 
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II.  MATERIALS 

The  following  materials  were  used  in  preparing  the  artificial  fluxes 
(Table  1):  Borax,  boracic  acid,  hydrous  magnesium  carbonate,  zinc 
oxide,  zirconium  oxide,  fluorspar,  cryolite,  antimony  oxide,  potters' 
flint,  and  kaolin  from  Georgia,  all  of  commercial  grade;  also,  sodium 
nitrate,  strontium  nitrate,  strontium  carbonate,  and  calcium  phos- 
phate, all  of  reagent  quality. 

The  bodies  (Table  2)  were  composed  of  two  or  more  of  the  following 
materials  in  addition  to  one  of  the  fluxes:  Kaolin  from  Georgia,  bafi 
clay  from  Tennessee,  feldspar  containing  approximately  50  per  cent 
plagioclase  feldspar,  40  per  cent  potash  feldspar  and  10  per  cent 
quartz,  and  artificial  "rnullite"  which  was  an  electric  furnace  product 
containing  approximately  65  per  cent  mullite,  12  per  cent  corundum, 
and  23  per  cent  glass.  A  commercial  "soda-hme-silica"  bottle  glass, 
ground  to  pass  a  No.  100  sieve,4  was  substituted  as  the  flux  in  one 
body  having  the  type  composition  of  the  "BM  Series." 

All  of  the  materials  used  in  preparing  the  glaze  (Table  2)  were  of 
commercial  grade  as  regularly  supplied  to  the  pottery  trade. 


Table  2. — Compositions  of  bodies  and  glaze  used  in  the  final  series  of  tests 

A.  BODIES  « 


• 

B 

K 

BM 

KM 

Per  cent 
25 
35 
40 

Per  cent 
25 
35 
20 
20 

Ptf  Ctflt 

25 
85 
35 

.*  96 

!3S 

5 

Mullite     . 

ft 

B.  GLAZE 

» 


Fritt 

Glaze. 

Per  cent 
10.3 
27.8 
24.3 
37.6 

Per  cent 
54.4 
18 
1ft.  6 
24.3 

Boric  acid    

White  lead..    .    

Flint     

«  Body  compositions  are  identified  by  a  number  followed  by  the  series  designation.  Thus,  10  BM  denote 
a  body  of  Series  BM  in  which  flux  No.  10  was  used. 

«  The  coefficient  of  linear  thermal  expansion  (calculated  by  mean?  of  factors  in  "The  Influence  of  Chemical 
Composition  on  the  Physical  Properties  of  Glazes,"  by  F.  P.  Hall,  J.  Am.  Cer.  Soc.,  vol.  13  (3),  p.182, 
1930)  is  5.9X10-*. 


III.  METHODS 

The  fluxes  were  melted  in  clay  crucibles  using  a  gas-fired  pot  furnace 
and,  when  molten,  were  poured  into  water,  dried,  and  dry  ground  to 
pass  a  No.  100  sieve.  The  crucibles  held  from  1%  to  2  kg  of  the  molten 
flux  and  a  different  crucible  was  used  for  each  flux. 

Relative  solubility  of  the  fluxes  was  determined  on  specimens 
obtained  by  dry  sieving  a  portion  of  each  flux  through  No.  200  and 

*  Sieves  manufactured  to  meet  the  requirements  of  the  United  States  Standard  Steve  Series  were  used 
throughout  this  investigation. 
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No.  270  sieves,  using  10  g  of  that  portion  which  passed  the  No.  200 
and  was  retained  on  the  No.  270.  The  specimen  was  placed  in  a  glass 
container,  together  with  200  ml  of  distilled  water,  agitated  for  48 
hours,  the  liquid  removed  by  filtering,  and  the  residue  dried  and 
weighed. 

Thermal  expansions  and  "softening  temperatures"  of  the  fluxes 
were  determined  by  the  interferometer  method  6  on  samples  of  flux 
which  were  remelted  in  platinum,  cooled  rapidly,  and  then  annealed 
by  heating  to  their  annealing  temperatures  at  an  average  rate  of 
2s  per  minute  and  holding  them  at  these  temperatures  for  one  hour 
and  cooling  slowly  with  the  furnace.  The  "softening  temperature" 
was  taken  arbitrarily  as  that  temperature  at  which  contraction  due 
to  softening  began  to  exceed  the  expansion  due  to  temperature  in- 
crease. 

Indices  of  refraction  of  the  fluxes  were  determined  by  the  Becke 
method.8 

The  bodies  were  prepared  by  wet  grinding  the  constituents  in  a  ball 
mill  for  two  hours,  passing  them  over  a  magnetic  separator  and 
through  a  No.  100  sieve,  and  partly  drying  on  plaster.  This  proce- 
dure, and  the  compositions  used,  were  established  after  preliminary 
trials  in  which  various  compositions,  modifications  of  wet  and  dry 
grinding,  addition  of  flux  before  and  after  grinding,  and  filter  pressing 
were  tried. 

Specimens  for  measuring  transverse  strength,  linear  shrinkage,  and 
absorption  were  prepared  by  kneading  the  partly  dried  bodies  and 
extruding  them  as  rods  one-half  inch  in  diameter  which  were  cut 
into  6-inch  lengths.  The  rods  were  heated  to  about  750°  C.  over- 
night in  an  electrically  heated  furnace  and  matured  the  next  day. 
Transverse  strength  is  expressed  as  the  modulus  of  rupture  and  was 
calculated  from  values  obtained  by  breaking  the  rods  across  a  5-inch 
span.  Percentage  water  absorption  (which  is  proportional  to  porosity) 
was  calculated  from  the  weights  of  the  specimens  after  having  been 
dried  at  115°  ±5°  C.  and  after  having  been  saturated  by  immersing 
in  water  and  "  autoclaving  "  for  five  hours  at  a  steam  pressure  of  150 
lbs./in.*.  Linear  shrinkage  of  the  rods  was  determined  by  measur- 
ing the  distance,  after  the  heating,  between  two  gage  marks  which 
had  been  pressed  10  cm  apart  into  the  freshly  extruded  rods. 

Additional  extruded  and  dried  rods  were  later  reground,  moistened 
with  about  10  per  cent  water,  passed  through  a  No.  35  sieve,  and  used 
in  making  tile  (mold  2%t  inches  square)  and  plates  (mold  3  inches  in 
diameter)  by  the  "dry-press"  method.  Total  pressure  used  for  both 
tile  and  plates  was  12,000  pounds.  The  tile  and  plates  were  heated 
to  about  750°  C.  overnight,  in  an  electrically  heated  furnace,  and 
matured  the  next  day.  Linear  shrinkage,  absorption,  and  relative 
resistance  to  abrasion  of  the  dry  pressed  tile  were  determined  on  un- 
glazed  tile.  Linear  shrinkage  was  calculated  from  the  dimensions  of 
the  steel  mold  and  of  the  finished  tile.  Absorption  was  determined 
bv  the  same  me  thod  used  for  the  extruded  rods.  Resistance  to  abra- 
sion, a  purely  relative  value  expressed  as  the  H9  value,  was  obtained 
by  using  the  apparatus  and  method  of  calculation  devised  by  D.  W. 
Kessler^  for  wear  tests  of  flooring  materials.    Glazed  tile  and  glazed 

»  C.  Q.  Peters  and  C.  II.  Cragoe,  B.  S.  Sri.  Paper  No.  393. 

•  £.  8.  Larson,  U.  S.  Geological  Survey  Bulletin  No.  679,  p.  14,  1921. 

'  A.  8.  T.  M.  Proc.,  vol.  28,  Pt.  II,  p.  855,  1928. 
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plates  were  "autoclaved"  in  water  for  one  and  one-half  hours  at  150 
lbs./in.2  steam  pressure  and  the  number  of  specimens  crazed  as  a  result 
of  this  treatment  was  noted .  The 4 '  translucency ' '  of  a  glazed  plate  was 
estimated  by  comparing  the  intensity  of  the  light  it  transmitted  with 
that  transmitted  by  an  arbitrarily  chosen  plate  of  medium  "translu- 
cency," when  such  plates  were  placed  over  a  2%-inch  diameter  open- 
ing in  a  box  which  contained  a  75-watt  electric  light,  the  filament  of 
which  was  as  near  to  the  opening  as  possible.  The  glazed  plates 
were  between  3K  and  4  mm  in  thickness. 


Table  3. — Some  physical  properties  of  the  fluxes 


Flux 

No. 

Solubility 

Softening 
tempera- 
turerfclO" 
C.  An- 
nealed * 

Coeffi- 
cient of 

Flux 

No. 

Solubility 

Softening 
tempera- 
tures 10° 
C.  An- 
nealed 1 

Index  of 
refraction 

Coeffi- 
cient of 
linear 
thermal 
expan- 
sion.* 

nealed. 

A  > 

H  i 

Index  of 
refraction 

linear 
thermal 
expan- 
sion.' 

nealed' 

A  i 

B  > 

9 

9 

0  C.  ' 

xio-* 

V 

9 

•c. 



1 

20 

28 

535 

1.524 

11.8 

10 

7 

8 

545 

L526 

11.0 

2 

21 

22 

540 

1.514 

11.0 

17 

17 

17 

530 

1.536 

10.1 

3 

11 

11 

545 

1.516 

9.4 

18 

25 

28 

525 

1.538 

1L2 

4 

16 

18 

540 

1.515 

10.4 

10 

12 

11 

515 

1.626 

11.7 

5 

8 

8 

540 

1.523 

10.8 

20 

21 

21 

490 

1.504 

12.3 

0 

16 

15 

540 

1.527 

11.2 

21 

17 

17 

500 

1.506 

10.0 

7 

7 

10 

645 

1.517 

11.4 

22 

16 

17 

510 

1.616 

12.1 

8 

5 

6 

540 

1.622 

11.2 

23 

16 

16 

480 

1.610 

0.1 

9 

24 

24 

580 

1.627 

10.0 

25 

10 

11 

626 

1.524 

11.5 

10 

15 

15 

525 

1. 520 

8.0 

26 

1 

2 

535 

1. 516 

1L6 

11 

6 

6 

540 

1.529 

5.4 

28 

2 

645 

1.615 

1L1 

15 

14 

13 

535 

1.624 

10.7 

1  A  and  B  are  duplicate  determinations  calculated  on  the  basis  of  using  50  g  of  flux  per  liter  of  water. 

>  Fluxes  Nos.  20, 21,  22.  and  23  were  annealed  at  475°  C,  all  others  at  515°  C. 

>  Average  coefficient  for  the  temperature  range  from  room  temperature  to  the  lower  critical  temperature. 
For  further  Information  on  the  "critical  temperatures"  noted  in  studies  of  the  thermal  expansion  of  glass 
mm  the  reference  given  In  Footnote  5.  Values  to  he  multiplied  by  10-*. 


IV.  RESULTS 
1.  FLUXES 

A  brief  description  of  the  melting  behavior  of  the  fluxes  and  their 
appearance  after  quenching  is  given  in  Table  1.  Flux  No.  1  is  of  the 
same  composition  as  flux  No.  24  in  the  series  investigated  by  Collins 8 
and  was  selected  as  having  a  melting  point  and  water  solubility 
justifying  its  use  as  a  basis  on  which  to  build  the  series  of  fluxes  for 
this  investigation.  In  outlining  the  series  it  is  evident  that  no  attempt 
was  made  to  exhaust  the  field  of  possibilities. 

Six  of  the  twenty-eight  fluxes  (Nos.  3,  4,  7,  10,  11,  and  28)  were 
selected  for  intensive  study.  This  choice  was  based  on  the  observed 
melting  behavior,  the  physical  properties  given  in  Table  3,  and  the 
unreported  results  obtained  in  a  preliminary  study.  The  composi- 
tions of  the  six  selected  fluxes  as  determined  by  calculations  based  on 
the  batch  materials,  and  by  chemical  analysis,  are  given  in  Table  4. 
The  physical  properties  determined  are  presented  in  Table  5. 

Although  no  specific  tests  were  made  of  abrasives  bonded  with  the 
fluxes  investigated,  it  is  believed,  from  observation,  that  at  least  some 

•J.  Am.  Cer.  Soc.,  vol.  15  (1),  p.  17,  January,  1932. 
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of  the  fluxes  have  possibilities  as  bonds  for  certain  classes  of  manu- 
factured abrasive  wheels. 


Table  4. — Chemical  composition  1  of  flttxes  Nos.  8,  4,  7,  10,  11,  and  28 


Flux  No.  and  method 


3A  '  

3C»  

4A  

4C  _  .  - 


7A.. 
7C._ 
10A. 
IOC. 


11A. 
I1C. 
28  A. 
2*C. 


SiO, 


Per  cent 
37.6 
41.5 
3S.  8 
40.3 

35.0 
38.8 

37.  8 

38.  G 

38.5 
37.8 
30.6 
38.0 


AljO, 


Per  cent 
0.  42 

'""3.  9  ' 
4.0 

7.4 
7.7 
.42 


.53 

17.4 
17.0 


I 


CaO 

Mk<"> 

Na,0 

11:0, 

ZnO 

SrO 

Loss  on 

i<7nitinn 

Per  cent 
0.09 

".08" 

Per  cent 
5. 1 
6.5 
3. 1 
3.2 

.  13 

Per  cent 
1(1.7 
15. 1 
19.  5 
19.5 

24.  1 
22  4 
\2.2 
11.7 

4  8 

4.  f> 
23.  6 
23.0 

Per  cent 
41.0 
36.8 
32.9 

Per  cent 

Per  cent 

Per  cent 
0.31 

"."22 

32.3 
29. 1 
35.3 
34.3 

33.7 
33.  5 
22.  1 
22.0 

1.8 
1.9 

.32 
'".23 

.05 

.03 

14.9 
15.4 

23.  0 

24.  1 

.02 

.  02 

.34 

".20 

.07  .12 
...  — 1  •  ------- 

'  The  chemical  analyses  were  made  by  J.  F.  Klekotka  and  are  based  on  samples  dried  at  110°  C. 
I  Compositions  determined  by  chemical  analysis  (A). 


(C). 


2. 


(a)  PRELIMINARY  STUDY 


The  results  of  this  study  are  not  presented  in  detail,  but  may  be 
summarized  briefly  as  follows: 

Either  a  dry  grinding  of  all  of  the  constituents,  or  the  addition  of 
the  flux  after  the  other  constituents  of  the  body  have  been  wet  ground, 
produced  coarse  textured  bodies. 

Wet  grinding  four  hours  or  more  introduced  so  much  dissolved  flux 
into  the  slip  that  both  the  slip  and  the  body  were  unworkable. 

Sufficient  flux  was  dissolved  during  two  hours  wet  grinding  to  make 
filter  pressing  difficult. 

Filter  cakes  contained  sufficient  water  to  carry  flux  to  the  surface, 
resulting  in  the  formation  of  a  hard,  discolored  "skin."  (It  is  sug- 
gested that  excess  water  could  be  removed  from  these  bodies  most 
efficiently  by  means  of  spray  driers  or  drum  driers.) 

No  method  was  found  for  preparing  bodies  which  could  be  "jig- 
gered" successfully.  Such  faulty  specimens  as  were  made  contained 
sufficient  water  to  carry  dissolved  flux  to  the  surface  during  the 
drying. 

Casting  slips  made  with  bodies  containing  fluxes  3  and  10  worked 
well  on  a  laboratory  scale  and  thin-walled  pieces  could  be  cast  without 
difficulty.  Fluxes  Nos.  4,  7,  8,  11,  and  28  were  fairly  satisfactory, 
while  others,  notably  Nos.  1,  16,  and  20,  produced  slips  entirely  un- 
suited  for  casting.  However,  rapid  disintegration  of  molds  was 
observed  with  all  of  the  body  slips  because  of  the  crystallization  of 
dissolved  flux  carried  into  them  by  water  from  the  slip.  It  was  noted 
that  pH  values  of  the  slips  when  removed  from  the  ball  mills  could 
not  be  used  as  indicators  of  casting  properties  in  so  far  as  the  partic- 
ular bodies  studied  are  concerned.  Slips  of  bodies  containing  flux  No. 
10  showed  the  lowest  pH  values  determined  (approximately  6.0), 
while  the  slips  containing  flux  No.  3  showed  the  nighest  (approxi- 
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mately  8.5).  McDowell9  states  the  pH  value  at  which  maximum 
dispersion  is  attained  is  different  for  eacn  clay  and  for  each  electrolyte. 


Table  5. — Some  physical  properties  of  the  fluxes  used  in  the  final  series  of  tests 

determined  by  calculation  1 


as 


Tensile 

Modulus 
of 

elasticity 

Coefficient  of  ther- 
mal expansion  » 

strength 

Calcu- 
lated 

kglmm  > 
31.7 
31.8 
28.  9 

an.  h 

26.4 
30.6 

kglmm  ' 
6,400 
6,100 
6,700 
7.200 
7.600 
6.500 

8.6 
10.3 
11.6 
8.6 
6.6 
11.0 

0.4 
10.4 
11.4 

8.0 

,ti 

Flux  No. 


3.. 
4  . 
7.. 
10. 
11. 


1  Calculations  based  on  the  information  contained  in  the  reference  given  in  the  footnote  to  Table  2. 
»  Values  to  be  multiplied  by  10-*. 
*  Values  taken  from  Table  3. 

No  difficulty  was  experienced  in  making  satisfactory  specimens  of 
tile  and  plates  by  the  dry-press  process. 

Specimens  made  with  75  per  cent  flint  and  25  per  cent  flux,  when 
heated  to  1,000°  C,  were  translucent,  bluish  white  in  color,  and  of 
good  texture,  but  the  percentage  tridvmite  developed  was  very  high 
and  the  specimens  were  correspondingly  sensitive  to  temperature 
change  in  the  region  of  the  a-fr-ft  tridyinite  transformations 
(117°^  and  163°  C.).10  The  average  coefficient  of  expansion  for  the 
temperature  interval  100°  to  200°  C.  was  41  X  10-8. 

Specimens  made  with  various  ratios  of  feldspar  and  flux  formed 
highly  translucent  bodies,  but  the  indicated  maturing  range  did  not 
exceed  10°. 

A  large  majority  of  the  trials  indicated  that  additions  of  kaolin  at 
the  expense  of  ball  clay  darkened  the  color  of  the  product. 

Care  must  be  observed  in  heating  to  allow  ample  time  between 
650°  and  750°  C.  for  complete  combustion  of  organic  matter  before 
there  is  appreciable  fusion  of  the  flux  and  consequent  sealing  of  the 
pores. 

Holding  at  the  maximum  temperature  for  not  less  than  one  and 
one-half  nours  appears  to  permit  the  flux  to  distribute  itself  more 
uniformly  throughout  the  body  and  produce  a  "smoother"  appearing 
texture.  * 

Specimens  in  which  a  commercial  bottle  glass  had  been  used  as  a 
flux,  and  which  had  been  heated  at  990°  ±  5°  C,  had  an  average 
absorption  of  11.5  per  cent.  This  indicates  that  commercial  bottle 
glass  would  probably  be  unsuitable  as  a  flux  for  bodies  designed  to 
mature  below  1,000°  C,  and  which  are  designed  to  have  relatively  low 
absorptions. 

(b)  PROPERTIES  OF  EXTRUDED  BARS 

The  six  fluxes  selected  for  more  intensive  study  were  used  in  four 
series  of  bodies  (Table  2)  which  have  been  labeled  B,  BM,  K,  and  KM. 


•  J.  Am.  Cer.  Soc..  vol.  10  (4),  p.  225,  April,  1927. 
C.  N.  Fenner.  Am.  J.  Sci..  vol.  36,  p.  331.  1913. 
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Although  it  was  found  that  specimens  could  not  be  formed  success- 
fully from  the  plastic  bodies  by  jiggering,  it  was  thought  advisable 
to  obtain  approximate  results  for  their  maturing  range  and  other 
properties  by  means  of  conventional  tests  on  extruded  bars.  Results 
were  obtained  for  the  B  and  BM  series  and  are  presented  in  Table  6. 
The  results  obtained  give  no  ground  for  significant  exceptions  to  the 
following  statements:  All  of  the  rods  developed  maximum  strength 
and  shrinkage  and  minimum  absorption  when  heated  to  975°  C. 
Heating  to  1,000°  C.  was  harmful.  The  minimum  absorption  was 
lower  and  the  maturing  range  was  shorter  for  bodies  containing  5  per 
cent  mullite  than  for  bodies  containing  no  mullite.  Bodies  made 
with  a  flux  containing  zinc  (Nos.  60  and  61)  showed  a  higher  shrinkage 
and  higher  strength  Dut  not  a  lower  absorption  than  the  average  for 
the  series.  The  maturing  range,  whether  or  not  it  was  desired  to 
develop  bodies  of  the  lowest  possible  or  of  intermediate  absorptions, 
did  not  exceed  approximately  25°  C. 

The  average  values  for  modulus  of  rupture  of  the  rods  heated  to 
975°  C.  (Table  6)  are  very  nearly  equal  to  similar  values  which  are 
found  in  the  literature  11  for  "semivitreOus"  bodies  heated  to  cone  9 
(about  1,250°  C.)  and  which  vary  from  4,700  to  6,600  lbs./in.2;  but 
they  are  much  lower  than  the  values  for  vitreous  bodies  heated  to 
cones  11  and  12  (about  1,285°  and  1,310°  C,  respectively)  which  vary 
from  8,100  to  9,900  lbs./in.a. 


Table  6. — Some  properties  of  extruded  bars       inch  diameter  by  6  inches  long) 
heated  Jor  one-half  hour  at  the  temperatures  indicated 


eoorc. 

925°  C. 

950°  C. 

975°  C. 

1,000°  C. 

Body  No. 

S 

R 

A 

S 

R 

A 

6 

R 

A 

S 

R 

A 

S 

R 

A 

3B  

1.4 

3,000 

8.0 

2. 1 

3,400 

6.5 

2.2 

3,500 

5.0 

3.0 

4.000 

3.5 

3.1 

3,500 

2.0 

4B  

1.4 

3.800 

0.5 

2. 1 

■VXxi 

7.0 

2.9 

3.900 

5.5 

3.6 

4.700 

.5 

3.1 

4.  000 

4.5 

7B  

1.6 

3. 600 

V.  5 

2.  1 

3.  300 

0.5 

2.6 

3,500 

6.0 

3.0 

4.500 

2.5 

2.3 

3,  300 

8.0 

10B.-  

1.7 

3.2O0 

10.0 

3.1 

3.700 

7.5 

3.8 

4,500 

5.0 

4.9 

4.300 

3.5 

3.3 

3.  500 

7.0 

HB  

2.0 

3,200 

14.0 

2.0 

3.600 

8.0 

4.3 

4,400 

6.0 

4. 1 

4,800 

4.5 

4.3 

4,  500 

4.5 

28B-  . 

1.4 

3,300 

12.5 

2.5 

3,800 

9.0 

3.3 

4,400 

7.0 

3.5 

4.600 

6.0 

3.5 

4,300 

5.0 

3BM  

1.6 

3,600 

0.0 

2.0 

4.  100 

6.0 

2.2 

3.000 

5.0 

3.6 

4,600 

.0 

3.0 

4,000 

1.0 

4DM  

1.4 

3,400 

9.5 

2.2 

3.800 

6.5 

2.5 

3.700 

4.5 

3.4 

4,  300 

.5 

2.5 

3,400 

4.0 

"BM  

1.6 

3.  soo 

8.0 

2.0 

3,800 

0.0 

2.5 

4,000 

3.5 

2.8 

4,600 

.5 

2.0 

3.  200 

4.5 

10RM 

1.8 

3.  _*io 

10.5 

2.6 

3.  200 

8.0 

4  1 

4,000 

5.0 

5.7 

4,  000 

2.5 

2.5 

4.  100 

5.0 

11BM  

1.6 

3,  400 

16.0 

3.4 

3,600 

8.0 

4.3 

4,700 

5.5 

5.5 

4,800 

4.5 

5.0 

4.  400 

4.0 

28BM 

„ 

4,000 

14.5 

2.2 

3,400 

10.0 

2.8 

4,400 

8.0 

5.3 

4,400 

6.0 

3.5 

4,200 

5.0 

S=»  linear  shrinkage,  in  per  cent. 

R— modulus  of  rupture,  in  pounds  per  square  inch. 

A -water  absorption,  percentage  by  weight. 


(c)  PROPERTIES  OF  DRY  PRESSED  TILE 

(1)  Resistance  to  abrasion. — The  values  obtained  are  given  in 
Table  7.  Apparently  the  compositions  of  the  experimental  bodies 
had  no  significant  effect  on  their  relative  resistance  to  abrasion. 

For  comparison,  three  specimens  of  one  brand  of  commercial  white 
vitrified  floor  tile  were  tested  and  the  average  Ha  value  for  nine  de- 
terminations was  78.  The  following  average  Ha  values  are  cal- 
culated from  data  in  the  report  by  Kessler:12  Average  of  45  marbles, 


»  E.  E.  Pressler  and  W.  L.  Shearer,  B.  S.  Tech.  Paper  No.  310.  1926.   R.  F.  Geller  and  A.  S.  Creamer, 
J.  Am.  Cer.  Soc.,  vol.  14  (1).  p.  30,  January,  1931. 
•»  See  footnote  7,  p.  477. 
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18;  average  of  15  limestones,  9;  average  of  14  slates,  8;  average  of  4 
sandstones,  5. 

(2)  Absorption. — The  absorption  percentages  reported|in  Table  7 
are  the  lowest  which  it  was  possible  to  obtain  without  developing  a 
vesicular  or  " overtired "  structure.  The  ^roup  of  bodies  containing 
flux  No.  3  has  the  lowest  average  absorption  of  the  six  groups  differ- 
entiated by  means  of  the  flux.  The  BM  series  of  bodies  containing 
mullite  but  no  kaolin  has  the  lowest  average  absorption.  Although 
there  is  little  difference  in  the  average  absorption  values  given  in 
Table  7  for  the  various  series  and  groups,  it  should  be  remembered 
that  those  bodies  containing  flux  No.  11  or  No.  28  require  a  maturing 
temperature  30°  C.  higher  than  is  required  by  the  other  bodies. 

Table  7. — Some  properties  of  "dry  pressed"  tile 


He;it  treatment 

Ri'S'.stmiee  to  abrasion; 1 

A  bsorption,  >  series 

Linear  shrinkage  ' 
.series- 

Flux  No. 

Maxi- 

Time at 

mum 

maxi- 

il til 

temper- 

mum 

B 

BM 

K 

KM 

B 

ISM 

K 

KM 

B 

DM 

K 

KM 

ature. 

temper- 

±12° C. 

ature 

Per 

Per 

Ptr 

Per 

Per 

Ptr 

Per 

Per 

*(':. 

//our.' 

//„  mine  ' 

cent 

cent 

cent 

cent 

cent 

cent 

cent 

cent 

3  

WW 

2-3 

44 

45 

42 

43 

2.0 

1.0 

2.  5 

1.  5 

4.  5 

4.0 

5.0 

4.5 

4  

MO 

2-3 

42 

41 

10 

44 

35 

2.5 

3.  5 

3  0 

4.  5 

4.0 

4.0 

3.5 

7   

960 

2-3 

41 

40 

41 

39 

1.0 

1.5 

3  0 

3  0 

3  0 

2.  5 

3.5 

3.0 

10  

yfio 

2-3 

45 

45 

40 

40 

3.5 

2.  5 

4.  5 

4.  5 

4.  5 

4  0 

4.0 

4.0 

11  

3 

52 

39 

45 

V.I 

2.  5 

2.0 

4  0 

3  0 

fi.O 

5  0 

5.  5 

5.5 

-N  

9W 

3 

51 

53 

42 

44 

3  0 

1.  5 

5.0 

3.0 

«., 

5  0 

4  5 

4.5 

Stnndard  deviation 


//.  value     

Absorption  per  cent. 

Shrinkage  do_.. 


Minimum  Minimum 


7 

13 

.a 


.3 

.2 


Maximum 
individual 
deviation 


10 

2  5 
1.7 


from  2 


Bodies  11  and  28,  values  are 
Bodies  11  and  28,  values  are 


1  Bodies  3.  4,  7.  and  10,  values  are  average  of  0 
average  of  3  specimens  from  1  beating. 

'  Bodies  3,  4,  7,  and  10,  values  are  average  of  9  specimens  from  3 
average  of  6  specimens  from  2  heatings. 

» Number  of  specimens  used  same  as  for  absorption.  These  values  are  the  total  linear  shrinkage  during 
drying  and  beating. 

*  Calculated  by  means  of  tbe  formula  ^-^^^tpp^  («*  footnote  7,  p.  477)  where: 

R7.— weight  of  material  lost  by  abrasion. 
\V,~ original  weight  of  specimen. 
O- apparent  density. 

The  absorptions  of  180  specimens  representing  17  brands  of  com- 
mercial tableware  were  determined.  The  lowest  average  absorption 
for  specimens  of  any  one  brand  was  0.2  per  cent,  the  highest  9.5  per 
cent,  and  the  average  for  all  brands  was  7.2  per  cent.  The  deviations 
for  the  experimental  bodies  (Table  7)  may  be  compared  with  the 
following  deviations  for  the  commercial  bodies:  The  maximum 
standard  deviation,  in  per  cent,  for  the  specimens  of  a  single  brand 
was  2.1,  the  minimum  0.2;  the  maximum  deviation  of  an  individual 
specimen  from  the  mean  of  a  single  brand  was  5.0  per  cent. 
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(3)  Linear  shrinkage. — The  values  for  total  percentage  linear 
shrinkage  during  drying  and  heating  are  given  in  Table  7.  The  low 
values  for  the  bodies  containing  flux  No.  7  are  an  interesting  develop- 
ment in  view  of  the  fact  that  these  bodies  are  also  among  the  least 
absorbent. 

(4)  Color. — None  of  the  bodies  are  white.  Within  each  series  the 
colors  vary  according  to  the  flux,  as  follows:  Flux  No.  28  produced  the 
darkest  body,  then  Nos.  7,  4,  3,  10,  and  11.  When  compared  with 
color  standards  18  the  B  and  BM  series  may  be  described  as  varying 
from  cartridge  buff,  Plate  XXX  19"  Y-O-Yf,  toward  white  while  the 
K  and  KM  series  vary  from  tilluel  buff,  Plate  XL  17'"  O-Yf,  toward 
white.  Before  making  the  comparisons  the  eyes  of  the  investigator 
were  tested  for  sensitivity  to  color  in  the  colorimetry  section,  and 
found  to  be  normal. 

(5)  Resistance  to  crazing. — The  relative  resistance  to  crazing  is 
indicated  by  the  values  in  Table  8.  The  BM  series  of  bodies  appears 
to  have  a  resistance  appreciably  higher  than  the  others  and  it  will  be 
noted  that  this  series  (Table  7)  has  the  lowest  average  absorption. 
The  total  number  of  crazed  specimens  in  the  three  groups  containing 
flux  Nos.  3,  7,  or  28  is  significantly  lower  than  in  the  other  three. 
No  explanation  for  their  apparently  higher  resistance  was  found. 

(6)  Thermal  expansion. — The  coefficient  of  thermal  expansion  of 
each  of  the  bodies  of  the  B  and  BM  series  was  calculated  from  tests 
on  one  specimen  of  each  body.  (Table  9.)  Their  coefficients  do  not 
differ  significantly  from  those  of  16  commercial  whiteware  bodies 
(one  test  on  each  body)  which  varied  from  6.7  to  7.5  X 1Q"6. 


Table  8. — Relative  Iranslucency  and  resistance  to  crazing 


Flux 

No. 

Tile« 

Plates* 

Relative  translucency  av- 
erage applies  to  each 
series 

Maxi- 
mum 

tempera- 
ture 

±10°  C. 

Number  of  specimens 
crated    (3  tested); 
series— 

Maxi- 
mum 

tempera- 
ture 

±10°  O. 

Number  of  specimens 
erased    (2  tested); 

B 

BM 

K 

KM 

B 

BM 

K 

EM 

3 

960 

1 

0 

0 

0 

945 

0 

0 

1 

0 

"Bright". 

4 

900 

2 

0 

2 

0 

950 

1 

0 

2 

2 

Do. 

7 

900 

0 

0 

1 

1 

940 

0 

0 

0 

0 

Medium. 

10 

9«S0 

3 

0 

3 

3 

953 

0 

0 

2 

1 

Between  28  and  11. 

11 

0 

1 

3 

2 

970 

1 

0 

2 

1 

Nearly  opaque. 

28 

m 

0 

0 

1 

0 

980 

0 

0 

1 

1 

Below  medium. 

•  Bisque  heated  3  hours  at  the  maximum  temperature.   Olaze  matured  1  hour  at  950°±5°. 
»  Bisque  heated  from  X  to  1M  hours  at  the  maximum  temperature.  Olase  matured  at  950°±5°-time  1 
to  1H  hours. 


(d)  PROPERTIES  OF  GLAZED  PLATES 

(1)  Resistance  to  crazing. — Values  indicating  relative  resistance  to 
crazing  are  given  in  Table  7.  The  resistance  of  the  BM  series  was 
tiighest  and  the  average  resistance  of  the  "ball  clay  bodies"  (B  and 
BM)  was  higher  than  tnat  of  the  "kaolin  bodies"  (K  and  KM),  which 
is  in  agreement  with  the  results  of  the  tests  on  dazed  tile.  Results  of 
the  tests  on  tile  and  plates  may  not  be  directly  comparable  because 
the  former  were  glazed  on  one  side  only  while  the  latter  were  com- 
pletely coated. 

i»  Robert  Ridgway,  Color  Standards  and  Color  Nomenclature,  printed  by  A.  Hoen  &  Co.,  Baltimore,  Md. 

Digitized  by  Google 


484 


Bureau  of  Standards  Journal  of  Research 


[Vol.9 


(2)  Translucency. — The  values  for  translucency,  which  are  purely 
relative,  were  determined  for  three  specimens  of  each  body.  As  a 
means  for  comparison,  plates  of  several  brands  of  domestic  vitrified 
hotel  china  (thickness  4.3  to  5.1  mm)  were  tested  also.  Their  trans- 
lucency varied  from  the  arbitrarily  selected  "medium"  to  "bright." 
The  light  transmitted  by  the  least  translucent  specimens  (containing 
flux  No.  11)  was  approximately  of  the  same  intensity  as  that  trans- 
mitted by  a  specimen  of  commercial  earthenware  of  4  per  cent  water 
absorption. 

The  translucency  values  for  the  experimental  bodies  are  given  in 
Table  8  and,  as  indicated,  they  varied  according  to  the  flux.  Other 
variations  in  body  composition  did  not  affect  the  light  transmission 
sufficiently  to  be  detected  by  the  test  method.  That  the  bodies  con- 
taining flux  No.  11  are  least  translucent  is  explained  probably  by  the 
fact  that  the  flux  itself  is  nearly  opaque.    (Table  1.) 

Table  9. — Coefficients  of  thermal  expansion  of  bodies  of  the  B  and  BM  series  1 


Body  No. 


3B.. 

4B 

7h_. 

ion. 

1  IB. 


Coeffi- 
cient of 
expan- 
sion » 


7.0 
7.9 
8.6 
7.3 
6.  ft 
8.4 


Body  No. 


3BM.. 
4BM . . 
7BM.. 
IOBM. 
11BM. 
28BM. 


Coeffi- 
cient of 
expan- 
sion 1 


7.4 
7.8 
9.1 
7.5 
6.4 
8.7 


>  The  temperature  range  is  from  room  temperature  to  a  temperature  below  the  point  at  which  the  body 
shows  a  marked  Increase  In  rate  of  expansion  ( approximately  from  25°  to  400°  C).  The  temperature  at 
which  the  rate  of  expansion  increases  is  nearly  t  he  same  as  the  lower  critical  temperature  of  the  flux  used 

«  Values  to  be  multiplied  by  10  «. 

V.  SUMMARY 

The  results  obtained  in  this  investigation  indicate  that  the  produc- 
tion of  ceramic  bodies  having  water  absorptions  lower  than  the 
average  for  commercial  earthenware,  and  maturing  below  1,000°  C, 
would  require  careful  supervision  and  control  of  all  of  the  manufac- 
turing processes. 

It  would  probably  be  necessary  to  wet-grind  the  flux  with  the  other 
ingredients  of  the  body  to  obtain  a  sufficiently  fine-grained  and  uniform 
product.  This  would  be  done  at  the  cost  of  introducing  dissolved 
flux  in  the  "slip." 

No  difficulty  was  encountered  in  forming  tile  and  plates  approxi- 
mately 2  inches  square  and  3  inches  in  diameter,  respectively,  by  the 
dry-press  process  in  a  laboratory  press. 

The  particular  body  compositions  used  could  not  be  matured  on 
what  would  usually  be  considered  a  short  heating  schedule,  since  it 
was  necessary  to  allow  sufficient  time  for  all  organic  matter  to  oxidize 
and  volatile  products  to  escape  before  the  flux  softened  sufficiently 
to  seal  the  pores  of  the  bodv. 

Comparatively  small  vanations  in  the  chemical  composition  of  the 
flux  or  of  the  body  in  which  it  is  used  may  have  a  disproportionate 
effect  on  the  properties  of  the  product.  For  example,  the  use  of 
kaolin  in  place  of  50  per  cent  of  the  ball  clay  decreased  the  resistance 
to  abrasion  of  9  out  of  12  bodies  (Table  7);  the  average  absorption  of 
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the  bodies  containing  kaolin  was  about  50  per  cent  higher  than  the 
average  for  the  others  (Table  7)  and  their  resistance  to  crazing  when 
glazed  was  considerably  lower  (Table  8).  Also,  the  substitution  of 
kaolin  for  ball  clav  produced  bodies  slightly  darker  in  color.  The 
results,  therefore,  indicate  that  it  would  be  advantageous  to  use  all 
ball  clay,  preferably  "washed"  and  low  in  organic  matter,  rather 
than  a  mixture  of  ball  clay  and  kaolin. 

The  introduction  of  5  per  cent  of  "mullite"  at  the  expense  of  the 
clav  appeared  to  have  some  desirable  effects.    (Tables  7  and  8.) 

Within  any  one  series  of  bodies  the  flux  appeared  to  be  the  pre- 
dominating factor  in  determining  the  relative  color  and  translucency 
of  bodies.  (Table  8.)  Effects  on  the  other  properties  are  not  so 
pronounced. 

It  is  believed  that  at  least  some  of  the  fluxes  have  possibilities  as 
bonds  for  certain  classes  of  manufactured  abrasive  wheels. 

VI.  CONCLUSIONS 

In  general,  it  may  be  stated  that  ceramic  bodies  comparable  in 
transverse  breaking  strength  to  earthenware,  nearly  white  in  color  and 
varying  in  water  absorption  from  1  to  5  per  cent,  have  been  made  in 
the  laboratory  by  the  dry-press  process,  of  commercially  available 
materials,  and  by  maturing  below  1,000°  C.  The  bodies  may  be 
expected  to  resist  mechanical  abrasion  better  than  nonceramic  flooring 
materials,  such  as  marble,  and  glazed  specimens  resisted  crazing 
satisfactorily  in  laboratory  tests.  There  are  no  data  available  on 
which  to  base  conclusions  regarding  the  cost  of  manufacture  under 
commercial  conditions. 

Washington,  May  9,  1932. 
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THE  DETERMINATION  OF  MAGNESIA  IN  PHOSPHATE 

ROCK 

By  James  I.  Hoffman 


ABSTRACT 

A  method  for  the  determination  of  magnesia  in  phosphate  rock  is  presented. 
Calcium  is  separated  as  sulphate  in  alcoholic  solution,  and  magnesium  is  deter- 
mined in  the  filtrate  by  precipitating  it  as  magnesium  ammonium  phosphate. 
Citric  acid  is  added  to  prevent  interference  by  iron,  aluminum,  and  titanium. 
In  this  procedure  part  of  the  manganese  always  accompanies  the  magnesium. 
This  is  determined  in  the  ignited  residue  by  the  periodate  method.  The  data 
show  that  arsenic  does  not  interfere  and  tnat  the  method  is  also  applicable  if 
larger  amounts  of  magnesium  are  present  than  are  usually  found  in  phosphate 
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I.  INTRODUCTION 

Practically  all  samples  of  phosphate  rock  contain  less  than  0.5 
per  cent  of  magnesia.  To  determine  this  a  procedure  must  be  used 
in  which  large  amounts  of  calcium  and  moderate  amounts  of  iron, 
aluminum,  titanium,  manganese,  and  fluorine  are  eliminated.  Cal- 
cium can  be  separated  by  precipitating  it  as  oxalate  in  an  oxalic  acid 
solution,1  or  as  sulphate  in  an  alcoholic  solution.  If  the  former 
procedure  is  used,  the  precipitation  with  oxalate  must  be  repeated. 
Precipitating  calcium  as  sulpnate  is  more  suitable  in  this  case  because 
the  separation  of  small  amounts  of  magnesium  is  so  nearly  complete 
in  a  single  precipitation  that  the  operation  need  not  be  repeated. 
Iron,  aluminum,  titanium,  and  part  of  the  manganese  are  eliminated 
if  magnesium  is  precipitated  as  magnesium  ammonium  phosphate  in  a 
solution  containing  ammonium  citrate,  and  a  correction  for  any 
manganese  which  is  precipitated  can  be  applied  to  the  finally  weighed 
residue.  Fluorine  is  eliminated  at  the  start  by  evaporating  with 
sulphuric  acid.  Arsenic,  if  it  is  not  previously  eliminated,  is  vola- 
tilized during  the  evaporation  of  the  alcohol  after  the  calcium  sulphate 
is  separated. 

The  following  method  was  found  to  yield  satisfactory  results 
when  applied  to  synthetic  mixtures  and  to  the  Bureau  of  Standards 

»  O.  E.  F.  LundeU  and  J.  I.  Hoffman,  The  Analysis  of  Phosphate  Rock,  J.  Assoc.  Official  Agric.  Ch«m. 
vol.  8,  p.  184,  1B24. 
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standard  sample  of  phosphate  rock,  No.  56,  which  has  the  following 
percentage  composition:  JPjOs,  31.3;  Fe203,  3.3;  A1203,  3.1;  CaO,  44.8; 
Si02,  6.7;  Ti02,  0.15;  MnO,  0.25;  MgO,  0.32;  F,  3.6.  This  composi- 
tion is  typical  of  phosphate  rocks  excepting  that  in  most  cases  smaller 
percentages  of  the  oxides  of  manganese  and  magnesium  are  present. 

II.  METHOD  FOR  THE  DETERMINATION  OF  MAGNESIA 

Transfer  2  g  of  phosphate  rock,  ground  to  pass  a  No.  100  sieve  and 
dried  for  one  hour  at  105°  C,  to  a  250  ml  beaker,  cover,  add  15  ml  of 
diluted  hydrochloric  acid  (2  +  1)2  and  5  ml  of  nitric  acid,  and  boil 
gently  for  10  to  15  minutes.  Remove  the  beaker  from  the  source  of 
heat,  add  6  ml  of  diluted  sulphuric  acid  (1  +  1),  remove  the  cover,  and 
evaporate  until  fumes  of  sulphuric  acid  appear.  Cool  slightly,  wash 
down  the  inside  surface  of  the  beaker  with  a  jet  of  water  and  again 
evaporate  until  fumes  of  sulphuric  acid  appear.  Cool,  add  10  ml  of 
water,  stir  thoroughly,  and  digest  on  the  steam  bath  for  10  to  15 
minutes.  Remove  from  the  steam  bath,  add  100  ml  of  95  per  cent 
alcohol,3  stir  so  that  the  calcium  sulphate  is  well  dispersed  throughout 
the  liquid,  and  then  allow  to  stand  for  30  minutes  or  longer.  Filter 
by  means  of  suction  through  a  tight  plug  of  filter  paper  pulp,  using 
a  Gooch  crucible,  carbon  funnel,  or  Btichner  funnel,  and  wash  five 
times  with  5  ml  portions  of  95  per  cent  alcohol  containing  1  ml  of 
sulphuric  acid  per  100  ml. 

Evaporate  the  alcoholic  filtrate  as  far  as  possible  on  the  steam 
bath.  Transfer  the  solution  to  a  300  ml  Erlenmeyer  flask,  dilute  to 
75  to  100  ml,  and  add  2  g  of  citric  acid  and  15  ml  of  a  25  per  cent 
solution  of  diammonium  phosphate,  (NH^HPO^  Add  ammonium 
hydroxide  until  the  solution  is  alkaline  to  litmus  and  then  add  10  ml 
in  excess.  Add  5  to  10  glass  beads,  tightly  stopper  the  flask,  and 
shake  on  a  shaking  machine  for  at  least  one  hour.  Allow  to  stand  in 
a  cool  place  for  four  hours  or  preferably  overnight.  Filter  through 
a  tight  paper  containing  a  little  paper  pulp,  and  wash  with  diluted 
ammonium  hydroxide  (54-95),  containing  50  g  of  diammonium 
phosphate  per  liter,  until  the  precipitate  and  paper  are  free  from  iron 
and  aluminum.  Pass  25  ml  of  hot  diluted  hydrochloric  acid  (5  +  95) 
through  the  paper  into  the  flask,  transfer  the  solution  to  a  150  ml 
beaker,  and  wash  the  paper  and  flask  thoroughly  with  more  of  the 
diluted  acid.  To  the  solution  in  a  volume  of  50  to  75  ml  and  con- 
taining no  glass  beads,  add  K  ml  of  a  25  per  cent  solution  of  diam- 
monium phosphate,  cool,  and  then  add  ammonium  hydroxide  slowly 
and  with  stirring  until  the  solution  is  alkaline  to  litmus.  Stir  for  a 
few  minutes,  then  add  3  to  4  ml  of  ammonium  hydroxide  and  allow 
to  stand  for  four  hours  or  overnight.  Transfer  the  precipitate  to  a 
small  filter  and  wash  with  diluted  ammonium  hydroxide  (5  +  95). 
Transfer  the  paper  and  precipitate  to  a  platinum  crucible,  ignite  slowly 
at  a  temperature  below  900°  C.  until  the  carbon  is  burned  (preferably 
in  a  muffle  furnace  with  pyrometric  control),  and  then  at  about  1,100° 
C.  for  one  to  two  hours.    Cool  and  weigh. 

» This  denotes  2  volumes  of  hydrochloric  acid,  specific  gravity  1.18.  mixed  with  1  volume  of  water.  This 
system  of  designating  the  diluted  acids  or  ammonium  nydroxide  is  used  throughout  this  paper.  If  do 
dilution  is  specified,  the  concentrated  reagent  is  intended. 

'  In  most  of  this  work  9ft  per  cent  ethyl  alcohol  was  used.  Mixtures  of  100 parts  of  95  per  cent  ethyl  Alcohol 
with  from  ft  to  25  parts  of  methyl  alcohol  proved  equally  satisfactory. 
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The  residue  consists  of  MgaPjO?  and  possibly  Mn2Pa07  and  Ca3 
(P04)2-  If  the  alcoholic  filtrate  was  clear,  the  tricalcium  phosphate, 
Ca8(P04)2,  will  not  exceed  0.3  rag  and  can  be  neglected  unless  very 
accurate  results  are  desired.4  The  correction  for  manganese  is  made 
as  follows:  Dissolve  the  residue  in  10  ml  of  diluted  sulphuric  acid 
(1  +  9),  transfer  the  solution  to  a  300  ml  Erlenmeyer  flask,  and  add 
50  ml  of  diluted  nitric  acid  (1+3),  2  ml  of  sirupy  phosphoric  acid, 
specific  gravity,  1.7,  and  0.2  g  of  potassium  penodate,  KI04.  Boil 
for  15  to  20  minutes,  cool,  and  dilute  to  a  convenient  volume.  In 
another  flask  containing  the  same  amounts  of  the  reagents  treated  in 
a  similar  way,  match  the  color  by  adding  a  standard  solution  of 
potassium  permanganate.  From  the  volume  of  the  solution  of 
permanganate  required,  calculate  the  weight  of  Mn2P207  in  the  residue 
Subtract  this  weight  from  the  total  weight,  and  regard  the  difference 
as  Mg2P207,  which  contains  36.21  per  cent  of  MgO. 

Table  1  gives  results  obtained  by  this  method  for.  magnesia  in  phos- 
phate rock  and  in  mixtures  approximating  the  composition  of  phos- 

ghate  rock.  The  standard  value  for  magnesia  (0.32  per  cent)  in  the 
ureau  of  Standards  standard  sample  of  phosphate  rock,  No.  56,  was 
obtained  by  twice  precipitating  the  calcium  as  oxalate  in  dilute  oxalic 
acid  solution  5  and  determining  the  magnesia  in  the  combined  filtrates 
by  precipitating  as  magnesium  ammonium  phosphate  in  the  presence 
of  ammonium  citrate  and  then  igniting  to  magnesium  pyrophosphate. 
Corrections  were  made  for  calcium  and  manganese. 


Table  1.— Results 


for  magnesia  in  phosphate  rock  and  in  synthetic 
mixtures 


I  


Analysis 
No. 




1  —  >  

2  


7  

8  


10. 
11. 
12. 

13. 


Material  analysed 
■ 


0.12  |  FetOi+0.12g  AljOrfO.l  g  CaF,+  1.65  g  Cai 

(POOl  

 do  

 do  


 do  

+1.66 1  Ca»(PO«)i  


.do. 


0.12g  FdOi+0.12gAljOi+0.1gCaF|+0.0045gMnO 
+1.65  g  Ca»(P04)i  

2.0  g  Bureau  of  Standards  standard  sample  of  phos- 
phate rock  No.  56  

 do  


 do  

2.0  g  Bureau  of  Standards  standard  sample  of  phos- 
phate rock  No.  5fl-f-0.00»2  g  MgO  

2.0  g  Bureau  of  Standards  standard  sample  of  phos- 
phate rock  No.  50+0.0175  g  As,0,  


MgO 
present 
or  add- 
ed 




0 

0.0008 
.  0008 
.0032 
.0079 
.  1140 

.0032 
.0032 

.0079 

........ 


MgO 
found 




f 

0.0007 
.0008 
.0031 
.0078 
.  1130 

.0034 

.0030 

.0079 

...  


MgO 
pn*«-nt 

or- 


Per  cent 

0.04 
.04 
.16 
.395 

5.70 

.16 

.16 


MgO 

found 


.32 

.32 
.32 

.78 

.32 




Percent 
0.035 

.04 

.155 

.40 
5.65 


.  17 
.15 

.395 

.32 
.33 
.31 

.79 

.31 


Error 


— 

.000 
-.005 
+.005 
-.06 


+.01 
-.01 


.00 


+.01 
-.01 


*  If  a  correction  for  calcium  is  to  be  made,  dissolve  the  residue  in  10  ml  of  diluted  sulphuric  acid  (5+95), 
evaporate  to  about  5  ml,  and  then  add  25  ml  of  95  percent  alcohol.  Allow  to  stand  for  one  to  two  hours, 
niter  on  a  small  paper,  and  wash  with  alcohol.  Dry  the  paper  in  the  funnel  and  dissolve  the  precipitate  of 
calcium  sulphate  in  20  ml  of  hot  diluted  hydrochloric  acid  (1+99).  Add  a  few  crystals  of  ammonium  oialatf, 
heat,  render  the  solution  faintly  ammonlacal,  and  allow  to  stand  for  one-half  to  one  hour.  Filter,  ignite, 
and  weigh  as  CaO.  Calculate  to  tricalcium  phosphate,  Cai(PO0i,  and  subtract  from  the  apparent  weight 
of  MgiPtOr. 

If  calcium  is  determined  in  this  way,  the  alcoholic  filtrate  is  used  for  the  determination  of  manganese. 
Before  applying  the  periodato  oxidation,  this  filtrate  must  be  evaporated  and  heated  until  fumes  of  sul- 
phuric acid  appear,  and  then  treated  with  nitric  acid  to  make  sure  that  reducing  substances  i 

*  See  The  Analysis  of  Phosphate  Rock,  J.  Assoc.  Official  Agric.  Cbem.,  vol.  8,  p.  203;  1924. 
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The  magnesium  that  was  used  in  making  up  the  mixtures  was  added 
in  the  form  of  a  standard  solution  of  magnesium  chloride.  The  iron 
and  aluminum  were  added  as  solutions  of  their  chlorides.  The  Bureau 
of  Standards  standard  sample  of  fluorspar  No.  79  was  used  as  the 
source  of  the  CaF2  added.  The  percentage  composition  of  this  sample 
is:  CaF2,  94.8;  CaC03,  2.17;  Si02,  1.9;  Zn,  0.35;  Pb,  0.23;  S,  0.13; 
Fe203,  0.15;  A1208,  0.02;  MgO,  0.13.  The  tricalcium  phosphate  that 
was  used  contained  0.3  mg  of  MgO  in  1.65  g.  Proper  corrections  were 
made  for  the  magnesia  thus  introduced. 

The  calcium  sulphate  obtained  by  precipitation  with  alcohol  in 
analysis  No.  5  was  dissolved  in  hot  hydrochloric  acid  and  then  evapo- 
rated with  6  ml  of  diluted  sulphuric  acid  (1  +  1).  The  precipitation  by 
alcohol  was  repeated  and  the  magnesia  determined  in  the  nitrate  as 
before.  The  amount  of  MgO  found  was  0.0011  g.  This  indicates  that 
if  large  amounts  of  magnesium  are  present,  some  is  retained  by  the 
calcium  sulphate.  Less  than  0.005  per  cent  of  MgO  was  retained  by 
the  calcium  sulphate  in  the  case  of  phosphate  rock  No.  56  (analyses 
Nos.  9  to  13). 

III.  DISCUSSION  OF  THE  METHOD 
1.  DECOMPOSITION  OF  THE  SAMPLE 

A  2  g  sample  each  of  Tennessee  brown  rock  (MgO  -0.02  per  cent), 
Tennessee  blue  rock  (MgO -0.36  per  cent),  Florida  pebble  rock 
(MgO  — 0.25  per  cent),  Florida  hard  rock  (MgO  — 0.05  per  cent), 
Wyoming  phosphate  rock  (MgO  —  0.08  per  cent)  and  Idaho  phosphate 
rock  (MgO  — 0.31  per  cent)*  was  decomposed  by  treatment  with 
hvdrochloric  and  nitric  acids  as  described  in  the  preceding  section. 
The  following  test  was  made  to  determine  the  amount  of  magnesia 
in  the  insoluble  residue:  After  adding  50  ml  of  water  and  digesting, 
the  insoluble  matter  was  collected  on  a  filter,  washed,  and  ignited  in 
platinum.  The  ignited  residue  was  brought  into  solution  by  treat- 
ing with  hydrofluoric  and  sulphuric  acids  and  then  evaporating  until 
fumes  of  sulphuric  acid  were  copiously  evolved.  The  contents  of 
the  crucible  were  transferred  to  a  small  beaker  by  means  of  25  to  30  ml 
of  95  per  cent  alcohol,  and  the  calcium  sulphate  which  separated  was 
removed  by  filtration.  Magnesium  was  determined  in  the  nitrate 
by  the  method  above  outlined  for  the  determination  of  magnesia  in 
phosphate  rock.  An  average  of  less  than  0.005  per  cent  of  magnesia, 
MgO,  was  found  in  the  insoluble  matter,  and  in  no  case  did  the 
percentage  exceed  0.01. 

2.  SEPARATION  OF  CALCIUM  SULPHATE  BY  MEANS  OF  ALCOHOL 

The  results  in  the  table  show  that  the  separation  of  calcium 
sulphate  by  means  of  alcohol  is  very  satisfactory  for  the  small  amounts 
of  magnesium  present  in  phosphate  rock  ana  that  it  is  applicable 
even  if  much  larger  amounts  are  involved.  The  amount  of  sulphuric 
acid  specified  is  the  minimum  that  should  be  used,  because  if  the 
sulphates  become  dry  and  form  a  cake  during  the  evaporation  with 
sulphuric  acid,  it  is  difficult  to  extract  all  of  the  magnesium  with 

*  The*1  representative  samples  were  furnished  through  the  courtesy  of  K.  D.  Jacob,  of  the  United  StAte* 
Department  of  Agriculture. 
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alcohol.  There  is  less  danger  of  calcium  sulphate  running  through 
the  filter  if  a  little  sulphuric  acid  is  added  to  the  alcohol  used  for 
washing  and  if  the  filter  is  not  allowed  to  run  dry.  The  presence  of 
considerable  amounts  of  organic  matter,  such  as  are  found  in  some 
samples  of  phosphate  rock,  does  not  adversely  affect  the  separation. 

3.  PRECIPITATING  MAGNESIUM  AS  MAGNESIUM  AMMONIUM 

PHOSPHATE 

In  order  to  avoid  tedious  separations,  it  is  desirable  to  precipitate 
the  magnesium  in  the  presence  of  the  iron  and  aluminum.  About 
2  g  of  citric  acid  must  oe  added  to  hold  in  solution  the  amounts  of 
these  elements  that  may  be  expected  in  phosphate  rock.  In  such 
solutions  it  is  difficult  to  precipitate  small  amounts  of  magnesium 
ammonium  phosphate.  In  some  cases  complete  precipitation  is  not 
obtained  even  if  the  solution  is  vigorously  stirred  or  shaken  mechan- 
ically, but  if  the  solution  is  shaken  in  a  flask  containing  a  few  glass 
beads,  complete  precipitation  can  readily  be  had.  The  precipitate 
thus  obtained  is  very  finely  divided,  which  necessitates  the  use  of  a 
very  tight  filter.  The  most  satisfactory  filtering  medium  consists 
of  a  tight  paper  containing  some  fine  paper  pulp.  Glass  beads  are 
not  used  in  the  second  precipitation. 

If  small  amounts  of  magnesium,  such  as  are  likely  to  be  encoun- 
tered in  phosphate  rock,  are  precipitated  as  magnesium  ammonium 
phosphate  in  the  presence  of  ammonium  citrate  without  agitation, 
a  few  hours  are  sometimes  required  before  the  crystals  begin  to 
separate.  These  transparent  crystals  adhere  to  the  beaker  and 
stirring  rod  and  are  slightly  soluble  in  the  ordinary  wash  solutions. 
If  they  are  broken  in  transferring  them  to  the  paper,  more  will 
dissolve  in  the  wash  water  than  if  they  remain  undisturbed. 

If  manganese  is  present  in  a  solution  in  which  magnesium  ammo- 
nium phosphate  is  precipitated,  it  is  quantitatively  precipitated  under 
the  usual  conditions  such  as  are  outlined  for  the  last  precipitation, 
but  if  citric  acid  is  added,  as  in  the  first  precipitation,  less  than  one- 
third  of  the  manganese  accompanies  the  magnesium  when  the  two 
are  present  in  the  proportions  usually  found  in  phosphate  rock. 
This  quantity  is  not  constant,  and  it  is  necessary  to  determine  the 
manganese  in  the  ignited  residue  that  is  finally  obtained.  If  it  is 
known  that  the  phosphate  rock  contains  less  than  0.02  per  cent  of 
manganese  oxide  (MnO),  the  correction  may  be  neglected. 
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COLLISIONS  OF  THE  FIRST  AND  SECOND  KIND  IN  THE 
POSITIVE  COLUMN  OF  A  CESIUM  DISCHARGE 

By  F.  L.  Mohler 


ABSTRACT 

The  power  input  minus  the  power  lost  by  recombination  at  the  tube  walls 
measures  the  number  of  quanta  dissipated  by  inelastic  collisions  at  the  resonance 
potential,  1 .42  volts.  For  low-pressure  low-current  conditions  this  is  equal  to  the 
number  of  collisions  C\  2  and  the  effective  area  for  a  collision  is 

9,  j =5.4  ±. 6X10-'*  cm» 

At  higher  pressures  and  currents  collisions  of  the  second  kind  give  energy 
hack  to  the  electrons  and  the  number  of  quanta  dissipated  is  C\  x-Cj  i  where 
Cj  i  is  the  number  of  collisions  of  the  second  kind.  This  gives  a  basis  for  com- 
puting the  number  of  excited  atoms  ns.  The  value  of  ns  can  also  be  measured 
spectroscopically  by  analysing  light  from  an  incandescent  lamp  passed  through 
the  discharge  and  finding  the  lamp  temperature  Tt  at  which  absorption  lines 
match  the  background.  TL  is  nearly  the  electron  temperature,  confirming  the 
evidence  that  collisions  of  the  first  and  second  kind  become  nearly  equal  in 
number. 

The  measured  radiation  intensity  is  equated  to  the  radiation  at  a  temperature 
TV,  over  a  spectrum  range  A  X  to  fiud  A  X.  This  effective  width  of  the  resonance 
lines  ranges  from  0.6  to  19  A  between  0.006  and  0.35  mm  pressure.  At  constant 
pressure  the  radiation  is  proportional  to  nt  and  the  ratio  gives  the  depth  of  the 
layer  of  vapor  from  which  the  radiation  comes;  0.003  to  0.001  mm  in  the  above 
pressure  range. 
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I.  INTRODUCTION 

In  a  recent  paper  I  have  reported  measurements  of  power  input 
and  power  losses  in  the  positive  column  of  a  caesium  discharge.1  The 
experimental  material  included  radiation  measurements  and  measure- 
ments of  probe  characteristics  for  a  wide  range  of  currents  and 
pressures  in  tubes  1.8  cm  in  diameter.  The  present  paper  uses 
these  measurements  as  a  basis  for  a  study  of  the  atomic  processes 
involved  in  the  dissipation  of  power.    It  was  found  that  in  general 

>  F.  L.  Mohler,  Power  Input  and  Dissipation  in  the  Positive  Column  of  a  Cresiura  Discharge,  B.  S.  Jour. 
Research,  vol  1»  (KP4.W).  p.  2S,  July,  1U32.    Referred  to  as  RP465  in  the  text. 
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the  radiation  is  an  important  part  of  the  power  loss  and  that  most 
of  the  radiation  is  in  the  first  doublet  of  the  principal  series  at  8,521 
and  8,944  A.  The  excitation  potential  is  1.42  volts,  and  it  is  known 
from  critical  potential  experiments2  that  this  excitation  gives  the 
predominant  type  of  inelastic  collision  in  caesium.  This  justifies  the 
approximation  that  the  power  input  is  expended  in  inelastic  collisions 
at  the  first  resonance  potential  and  in  ionization,  and  that  other 
excitation  processes  are  negligible.  This  view  of  the  power  loss  has 
been  proposed  and  critically  examined  for  the  case  of  the  mercury 
positive  column  by  Killian.3 

I  will  assume  that  the  power  lost  by  inelastic  collisions  at  the  first 
resonance  potential  is  equal  to  the  power  input  minus  the  power  lost 
by  recombination  of  ions  at  the  walls;  P-W  per  centimeter  of  the 
column  in  the  notation  of  RP455.  For  low  pressure  low  current  con- 
ditions this  is  practically  equal  to  the  radiation  loss  and  is  entirely 
justified;  but,  at  the  other  extreme,  my  assumption  becomes  rather 
arbitrary.  If  ionization  by  collision  with  excited  atoms  is  important, 
then  part  of  the  loss  W  is  at  the  expense  of  inelastic  collisions.  If 
recombination  in  free  space  is  important,  then  W  does  not  account 
for  the  full  ionization  loss.  The  energy  per  collision  or  per  quantum 
is  eVr  =  2.26 X  10~lfl  joules,  where  VT  is  the  excitation  potential;  and 
the  number  of  quanta  dissipated  is  (P-PT)/2.26X  10~19  per  centimeter 
of  the  column  per  second. 

The  number  of  inelastic  collisions  per  centimeter  of  the  column  per 
second,  Cx  a,  can  be  expressed  in  terms  of  the  effective  collision  area 
qx  2  of  an  atom  for  such  a  collision. 

Ci2  =  ?i  2NenxveJ{v) 

where  Ne  is  the  number  of  electrons  per  cm  of  the  column,  nt  is  the 
number  of  atoms  per  cubic  centimeter  (accurately  the  number  in  the 
normal  state),  ve  is  the  electron  velocity  and/(r)  is  the  fraction  of 
electron-collisions  with  kinetic  energy  greater  than  eVr.  The  electrons 
have  a  Maxwell  distribution  of  energy,  here  expressed  in  terms  of 
Vd  where 

eV0  =  kT=  2/3  mean  energy 

Introducing  for  /(t?)  the  integral  over  energies  between  Vre  and 
infinity 

0, 2  =  2l  ^V.nlt'^+  l)exp(-^)  (1) 

The  probability  of  an  inelastic  collision  is  a  function  of  V  which 
rises  abruptly  from  zero  at  VR  to  a  maximum  very  close  to  VR  and 
then  decreases  less  abruptly  over  a  range  of  several  volts.4  51 2  is  the 
integrated  effect  of  all  electrons  of  a  Maxwell  distribution  which 
exceed  VR  and  so  it  is  a  function  of  V0  which  presumably  increases 
with  decreasing  V0. 

From  the  above  remarks  it  seems  to  follow  that  the  number  of 
collisions  is  equal  to  the  number  of  quanta  dissipated. 

C12=(P-HT)/2.26X10-19  (2) 

»  Foo*,  Rognley,  and  Mohler,  Phys.  Rev.,  vol.  13,  p.  59,  1919. 
»  Klllian,  Phys.  Rev.,  vol.  35.  p.  1ZW,  1930. 

*  Dwtow,  Electrical  Phenomena  In  Gases,  Williams,  Wilk ins  Co.,  1932. 
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It  will  be  shown  that  this  identity  is  not  justified  except  for  low  pres- 
sures and  currents.  Electron  energy  expended  in  producing  excited 
atoms  may  be  given  back  to  the  electrons  by  collisions  of  the  second 
kind  so  that  in  general  the  power  dissipated  is  less  than  Cx  2X2.26 
X  10" 19  watts.    In  general, 

Ct  2- C2 !  =  (P-HO/2.26  X  10-"  (3) 

where  C%  x  is  the  number  of  collisions  of  the  second  kind  per  centimeter 
of  the  column  per  second. 

II.  EXPERIMENTAL  PROCEDURE 

The  type  of  discharge  tube  was  illustrated  in  RP455  (fig.  1).  It 
was  a  termionic  discharge  in  a  tube  1.8  cm  in  diameter.  Commonly 
there  were  two  small  probes  near  the  axis  and  12  cm  apart  to  measure 
the  voltage  gradient,  electron  energy  and  electron  concentration; 
and  a  disk  electrode  against  the  wall  to  measure  the  flow  of  ions  to 
the  wall.  The  caesium  was  in  a  side  tube,  maintained  at  a  lower 
temperature  than  the  body  of  the  tube.  Vapor  pressures  were  com- 
puted from  the  temperature  by  the  relation 6 

log  p  (mm)=  -5-^+7.1650 

The  temperature  measured  by  a  thermocouple  in  contact  with  the 
tube  wall  in  the  region  of  the  positive  column  was  taken  as  the  gas 
temperature  in  computing  the  number  of  atoms,  nx. 

The  discharge  is  characterized  by  exceptionally  low  electron  speeds 
and  high  electron  concentration.  This  makes  the  precision  low,  and 
an  added  difficulty  is  the  electrical  leakage  over  the  csesiated  glass 
surfaces.  The  high  electron  concentration  necessitates  the  use  of  a 
small  probe  surface.  The  leakage  was  greatly  reduced  by  avoid- 
ing a  close  fit  between  the  insulator  and  the  probe  but  this  leaves  the 
effective  collecting  area  uncertain.  Two  sizes  of  probe  were  Used  to 
cover  the  range  of  electron  currents  obtained;  platinum  wires  2  mm 
long  and  0.4  mm  in  diameter,  and  wires  of  this  diameter  cut  off 
flusli  with  the  insulator. 

Figure  1  (taken  from  RP455)  shows  curves  of  the  log  of  the  probe 
current  versus  voltage  relative  to  the  anode  for  the  two  small  probes 
12  cm  apart.  The  experimental  points  negative  to  the  space  poten- 
tial (the  intersection  of  the  two  lines)  fall  on  a  straight  line  showing 
that  the  electrons  have  a  Maxwell  distribution.  The  electron  energy 
V0  is  given  by  the  relation 

V0=  {\\- Vx)  log  6/Gog  A -log  h) 

The  experimental  uncertainty  is  about  0.02  volt  and,  as  V0  may 
have  values  as  low  as  0.2  volt,  the  percentage  error  is  high.  Recog- 
nized sources  of  error  tend  to  make  V0  too  high.  The  value  of  VQ 
at  the  tube  wall  is  nearly  the  same  as  at  the  axis. 

The  random  current  density  at  the  center  of  the  tube,  i0,  is  given 
by  the  current  at  the  space  potential  divided  by  the  collecting  area. 

•  Row*,  Phil.  Mag.,  voL  3,  p.  634,  1027. 
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For  the  2  mm  probes  the  measured  area  0.0257  cm2  was  used  and  the 
effective  area  of  the  wire,  cut  off  flush  with  the  insulator,  was  obtained 
by  comparison  with  the  2  mm  probe.  This  area  0.002  cm2  is  greater 
than  the  end  of  the  wire  because  the  edge  is  not  completely  insulated 


-L4  -12  -10  -e  -6  -4  -2  o 

VOLTS   RELATIVE    TO  ANODE 

Figure  1. — Probe  characteristics  for  two  small  probes  12  cm  apart  at  the 

axis  of  the  positive  column 


from  the  discharge.  The  number  of  electrons  per  cubic  centimeter 
is  given  by  the  relation 
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The  space  current  decreases  from  the  tube  axis  to  the  walls  and  the 
variation  of  current  density  across  the  diameter  of  the  tube  is  roughly 
parabolic.6  Two  rather  inaccurate  experiments  give  a  basis  for 
estimating  the  total  number  of  electrons  per  unit  length  of  the  tube 
from  Uq.  Comparison  of  the  currents  to  a  probe  at  the  axis  and  a 
fine  wire  extending  the  full  length  of  a  radius  gave  the  mean  current 
density  along  the  radius  as  0.815  io.  Assuming  a  parabolic  distri- 
bution, the  mean  current  density  over  the  cross  section  is  0.72  to.  In 
the  second  experiment  the  currents  to  similar  probes  at  the  axis  and 
the  walls  were  compared,  and  the  value  0.325  io  for  current  density 
at  the  wall  leads  to  a  mean  current  density  across  the  tube  of  0.66 
in  on  the  basis  of  a  parabolic  distribution.  These  experiments  showed 
no  systematic  variation  of  distribution  over  a  considerable  range  of 
pressure  and  current.  The  theoretical  distribution  for  the  case  of 
low  pressure  and  ionization  proportional  to  the  electron  concentra- 
tion gives  a  mean  current  density  of  0.7  io.7  I  will  use  this  value  as 
it  is  consistent  with  the  experimental  values  though  the  conditions 
do  not  conform  to  the  postulates  of  the  theory.    Since  v.  is  constant 

N.  =  0.7  in-n^ 

Where  r  is  the  tube  radius. 

III.  COLLISIONS  OF  THE  FIRST  AND  SECOND  KIND 

Assuming  that  the  number  of  inelastic  collisions  is  equal  to  the 
number  of  quanta  dissipated,  neglecting  collisions  of  the  second 
kind,  equations  1  and  2  give 

?> 2  =  (P-W0/[2.26  X  10~nN.niV.QyZ  +  l)exp(-  ^?)]  (4) 

Values  of  51 2,  computed  on  this  basis  from  measurements  at  low  pres- 
sures, are  plotted  m  Figure  2  as  a  function  of  the  discharge  current. 
For  pressures  0.003  and  0.0016  mm,  there  is  a  range  of  current,  0.5 
amp  and  less,  in  which  the  value  does  not  seem  to  depend  on  the  cur- 
rent. There  were  12  measurements  in  this  range  (some  points  in 
fig.  2  represent  means  of  several  measurements)  which  give  a  mean 
value 

g12  =  5.4±.6XlO-,6cml 

Any  dependence  of  g,  2  on  V0  was  concealed  by  the  large  experi- 
mental error;  but,  in  view  of  the  comparatively  small  range  of  values 
of  Fo,  this  value  can  be  used  to  rive  at  least  a  rough  estimate  of  the 
number  of  inelastic  collisions  under  all  conditions. 

Brode 's  8  measurements  of  the  scattering  of  electrons  by  caesium 
atoms  give  a  value  for  the  effective  scattering  area  for  1.42-volt 
electrons  of  56  X  10~15cm2.  There  are  no  direct  measurements  of  qx  2. 
Loveridge  9  has  obtained  values  for  sodium  and  potassium  based  on 
absolute  measurements  of  the  radiation  excited  bv  a  beam  of  elec- 
trons of  uniform  speed.    His  maximum  value  is  about  1  per  cent  of 


*  Killiao,  Fhys.  Rev.,  vol.  35,  p.  1238,  1930. 

;  Tonks  and  Lanjtrauir,  Phys.  Rev.,  vol.  34,  p.  876,  1929. 

•  R.  Brode,  Phys.  Rev.,  vol  31  p.  (573,  1929. 
'  Loveridse,  Univ.  of  Cal.,  Thesis,  1931. 
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the  scattering  area  found  by  Brode.  Tho  experiment  is  extremely 
difficult  and  the  uncertainty  even  greater  than  for  the  method  used 
here.  My  value  for  caesium  is  10  per  cent  of  the  scattering  area  and 
this  is  an  average  value  and  not  a  maximum. 

An  examination  of  equation  (4)  shows  the  correlation  between  the 
curves  of  Figure  2  ana  other  variables.  At  constant  pressure  the 
important  variables  are  Ne  and  the  exponential  factor  involving  VV 
A  curve  of  V0  as  a  function  of  current  is  included  in  Figure  4.  N, 
increases  roughly  as  the  square  of  the  current  and  up  to  0.5  amp  at 
0.003  mm  the  decrease  in  V0  compensates  for  the  increase  in  Af,  to 
keep  the  value  of  qx  2  constant.  With  higher  currents,  is  constant 
and  the  increase  in  N,  gives  a  decrease  in  qx  2  that  is  entirely  incom- 
patible with  the  assumption  that  it  measures  a  collision  area.  This  is 
the  case  at  all  currents  for  higher  pressures. 


A       .0      .8       LO     1.2      \A  16 

Current  in  amperes 

Figure  2. —  Values  of  qx ,  computed  by  equation  (/)  assuming  that  C\  , 
is  the  number  of  quanta  dissipated 

The  difficulty  is  removed  by  the  recognition  that  collisions  of  the 
second  kind  become  increasingly  important  at  higher  currents. 
Figure  3  shows  the  data  at  0.003  mm  presented  in  accord  with  this 
idea.  C\  2  is  the  number  of  collisions  of  the  first  kind  as  given  by 
equation  1,  and  C\2-C2\  gives  the  number  of  quanta  dissipated 
as  given  by  equation  3.  The  two  curves  are  nearly  coincident  up 
to  0.5  amp  and  above  this  point  rapidly  diverge  with  C\  2  nearly 
proportional  to  Ne.  At  high  pressure  it  increases  somewhat  faster 
than  Nt  over  the  entire  range  of  current.  The  number  of  collisions 
of  the  second  kind,  C2  i,  is  given  by  the  difference  between  the  two 
curves  and  it  rises  from  a  negligible  quantity  at  0.5  amp  to  0.6  C,  2 
at  1  amp,  0.8  Cx  2  at  2  amps  and  0.9  Cx  2  at  3  amps.  The  predominant 
process  at  high  currents  is  a  reversible  interchange  of  energy  between 
the  atoms  and  the  electrons  without  dissipation  of  power. 

The  number  of  collisions  of  the  second  kind  is  expressed  by  an 
equation  analogous  to  equation  1 


C2 1    g2  \Ntnwc9 


(5) 
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where  q7  x  is  the  effective  area  of  the  excited  atoms  and  is  the 
number  of  atoms  per  cubic  centimeter  in  the  excited  state.  q2  \  can 
be  computed  from  ql2  by  the  principle  of  detailed  balance  which 
states  that  in  thermal  equilibrium  between  csesium  atoms  and  elec- 
trons C2i  must  equal  Cx  2.  Equations  (1)  and  (5)  are  applicable  to 
the  equilibrium  state  at  a  temperature  jT=  Vo/11,600.  In  equilibrium 
Th  is  given  by  Boltzmann's  equation 

n,  -  £  n,  exp  ( -  VJVQ)  =  3n,  exp  ( - 1 .42/ V0)  («) 


where  g%  and  gx  are  the  weights  of  the  2  Pi  2  and  lSi  states,  respectively. 
Equating  (1)  and  (5)  and  eliminating     by  equation  (6)  gives 


i.o  2.0  3.0 

Current  In  amperes 


Figure  3. — The  number  of  collisions  of  the  first  kind  and  the  number  dissipated 
per  cm  of  the  column  (left  scale);  the  number  of  electrons  per  cm  (right  scale); 
from  measurements  at  0.008  mm  pressure 

This  is  not  the  usual  form  of  the  Klein  and  Hosseland  relation.10  It 
is  the  equation  applicable  to  all  electrons  of  the  Maxwell  distribution 
and  not  to  the  particular  speeds  corresponding  to  V0  and  VB+  V0. 
Equation  (5)  now  becomes 

Gi-g&.^+^AU*.  (8) 

This  equation  and  equation  (1 )  can  be  used  to  evaluate  from  the 
measured  value  of  Cl2  —  C2i.  I  will  first  give  some  direct  experi- 
mental evidence  as  to  the  concentration  of  excited  atoms. 


Klein  and  Homeland.  Zeits.  fdr  Phys.,  vol.  4,  p.  4«,  1931. 
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IV.  THE  NUMBER  OF  EXCITED  ATOMS 

A  direct  measure  of  the  number  of  excited  atoms  can  be  obtained 
by  a  spectroscopic  method  which  has  been  applied  to  measure  flame 
temperatures.  Light  from  an  incandescent  lamp  is  passed  through  the 
discharge  and  analyzed  by  a  spectrograph.  The  resulting  spectrum 
will  show  the  caesium  absorption  lines  either  as  dark  or  bright  lines, 
depending  on  whether  the  lamp  temperature  is  above  or  below  a 
critical  temperature  Tu  here  called  the  reversal  temperature.  Hed- 
wig  Kohn  11  has  shown  that  for  a  line  emitted  in  a  transition  be- 
tween states  2  and  1,  differing  in  energy  by  E2 1,  is  related  to  the  rela- 
tive number  of  atoms  in  the  two  states  by  an  equation  identical  in 
form  to  Boltzmann's  equation 

W»i  -  (fftlgi)  exp  ( -  E,  xlkTL)  (9) 

where  the  g's  are  the  weights  of  the  two  states.  The  only  assumption 
is  that  n2/ni  has  a  definite  value  along  the  light  path.  In  equilibrium 
all  lines  reverse  at  the  same  temperature,  but  in  general  they  do  not. 
The  strength  of  absorption,  the  length  of  path,  and  the  resolution  of 
the  spectrograph  Influence  the  accuracy  of  the  setting  but  not  the 
value  of  TL. 

Light  from  a  tungsten  strip  lamp  passed  diametrically  through  the 
discharge  tube  and  was  focused  near  the  axis.  The  image  was  fo- 
cused by  a  second  lens  on  the  slit  of  a  3-prism  Steinheil  spectrograph. 
The  brightness  temperature  of  the  image  in  the  tube  was  found  by 
measuring  the  apparent  temperature  with  the  tube  in  place  and 
with  the  tube  removed  by  means  of  an  optical  pyrometer. 

Photographs  of  the  spectra  show  the  reversals  of  the  2P|  2  doublet 
clearly  with  pressures  above  0.01  mm  and  at  higher  pressures  TL  for 
3 Pi  2  was  measurable.  With  pressures  above  0.08  mm  the  tempera- 
ture falls  in  the  ran^e  attainable  with  a  strip  lamp.  The  range  was 
extended  by  the  device  of  keeping  the  discharge  on  for  only  a  fifth  or 
a  tenth  of  the  exposure  time.    If  S  is  the  lamp  temperature 

1_  1  logfl 
S    TL  7,320 

where  R  is  the  ratio  of  total  exposure  to  the  time  the  discharge  is  on. 
The  method  was  checked  in  the  range  where  TL  could  be  obtained  by 
the  lamp,  but  theoretically  it  is  open  to  objection.  The  discharge 
lowers  the  vapor  density  so  that  is  not  the  same  as  with  the  discharge 
off. 

At  the  higher  pressures  the  line  at  8,521  A  showed  a  sharp  self- 
reversal  which  did  not  disappear  at  TL.  The  resolution  of  8,944  was 
less  and  it  disappeared  over  a  range  of  temperature  of  50°  or  100°. 
The  failure  of  the  method  with  high  resolution  and  the  range  of 
uncertainty  with  low  resolution  comes  from  the  variation  of  n,/n, 
across  a  diameter. 

In  Table  1  and  Figure  4  reversal  temperatures  are  expressed  in 
terms  of  electron  volts  {VL  =  TL/l  1,600)  for  comparison  with  values  of 
V0  measured  electrically.  The  experimental  error  in  V0  is  considerably 
larger  than  the  inherent  uncertainty  in  VL.    In  equilibrium  VL=  V0 

»'  Kohn,  Phys.  Zeitt.,  vol.  29,  p.  4»,  im. 
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and  under  actual  discharge  conditions  VL  must  be  somewhat  less  than 
V0  and  the  difference  should  decrease  with  increasing  current  and 
pressure.  The  observed  differences  are  in  the  right  direction,  but  the 
variation  with  current  and  pressure  is  not  systematic.  All  differences 
fall  within  the  range  of  the  estimated  error  in  V0  so  there  is  little  basis 
for  computing  the  departure  from  equilibrium.  Reversals  could  not 
be  measured  at  the  lowest  pressures  where  a  large  difference  is  to  be 
expected.  The  small  difference  between  values  of  TL  for  2P  and  3P 
is  real  and  shows  that  the  number  of  atoms  in  the  3 P  state  is  further 
from  the  equilibrium  value  than  the  2P  state. 

The  results  confirm  the  prediction  that  at  moderate  pressures  and 
currents  there  is  nearly  an  equilibrium  between  the  electrons  and  the 
atoms  in  the  first  excited  state.  Or  accepting  this  view  they  give  a 
desirable  check  on  the  electrical  method  of  measuring  electron  tem- 
peratures. Values  from  curves  of  Figure  4  (the  upper  one  where  there 
are  two)  will  be  taken  for  VQ  in  the  following  computations. 


Table  1. 


■Electron  temperature  and  reversal  temperature  in  electron  volts  and  the 

number  of  excited  atoms 


Pressure 

Current 

mm 

Amp. 

0.35 

0.5 

1 

2 

.  1C 

.2 

.5 

1.0 

2 

.070 

.2 

.5 

1.0 

2 

.0«2 

.5 

.0056 


1 

2 
4 

.2 
.5 

1 

2 
4 

.2 
.5 

1.0 

2 


Volt* 
0.  185 
.200 
.217 

.175 
.  183 
.205 
.220 

.200 
.205 
.218 
.228 

.232 
.232 
.23H 
.200 

.257 
.257 
.257 
.257 
.291 

.298 
.283 
.2*3 
.2S3 


Vt  (2P) 


0.  108 
.  180 
.195 

.  179 
.  184 
.  192 
.200 

.  189 
.  195 
.202 
.211 

.210 
.218 
.224 
.236 


.  24« 
.219 
.251 
.203 

.270 
.27B 

.  2SS 
.283 


VL  <3P) 


a  loi 

.174 
.180 

.103 
.  171 
.  180 
.  192 

.  174 
.180 
.  ISO 
.199 


0.73 
.91 
.90 


.79 
.93 
.97 


.81 
.93 
.97 

.70 
.92 
.90 
.97 


.01 
.87 
.95 
.90 


.72 
.91 


Hi 


(3  P.) 


0.27 
.50 
.45 


.22 
.33 
.37 


.20 
.27 
.45 


The  actual  values  for  the  number  of  excited  atoms  can  best  be 
computed  from  the  value  of  C\  a  —  C%  \  with  C\  2  and  C2 1  as  given  by 
equations  1  andj8. 

Ci  i-C2l-ql  2N.vt(y?+  l^n,  exp(-pf)-|^] 

n2  =  n'2-  3(tf,  2-  C2  *N**(jr  +  *)]  (10) 


where 


n'2=«37i,  exp^-^7?^ 
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.6 


12  3  4 

Current  in  A 

Figure  4. — Measurement*  of  electron  energy  VQ  shown  by  dots,  VLfrom  reversal 
temperature  of  lS—2Pt2  shown  by  circles,  VL  from  reversal  temperature  of 
IS— S  Pit  shown  by  crosses 


Equation  10  gives  the  number  of  excited  atoms  in  terms  of  the 
number  that  would  exist  in  equilibrium  at  the  electron  temperature 
minus  a  term  that  becomes  very  small  for  high  pressures  and  currents. 
Thus  the  fact  that  experimental  uncertainties  in  the  term  on  the 


■  -  ■      ■     «  1  1  1  1  1  1  1  1— 

.2     A     J6     A     10    1.2    1.4    1.6    1.8   2j0   22   24  2J6 


Log  p  in  microns 
Figure  5— The  number  of  excited  atoms  in  the  2Pxt  states 

Full  line*  are  tbe  number  thut  would  e\ist  in  equilibrium  at  the  electron  temperature;  broken  hues 

give  the  actual  number  as  estimated  by  equation  10. 
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right  may  become  large  under  these  conditions  does  not  seriously 
affect  the  conclusions. 

In  Figure  5  the  solid  lines  are  values  of  n'3  computed  from  V0  as 
given  in  Figure  4.  The  broken  lines  are  values  of  as  given  by 
equation  10.  The  values  of  %\  increase  slowly  with  pressure,  the 
equilibrium  concentration  n'2/ni  decreases.  For  0.5  amp  it  ranges 
from  3.4  X10-2  at  0.003  mm  to  7X10"4  at  0.35  mm.  Table  1 
includes  values  of  the  ratio  njn'a  which  is  a  measure  of  the  approach 
to  equilibrium  and  Figure  6  shows  this  ratio  as  a  function  of  the 
current.    Dots  are  computed  by  equation  10  and  are  fairly  accu- 


Current  in  amperes 

Figure  6. — The  ratio  of  the  number  of  excited  atoms  to 
the  equilibrium  number  measuring  the  approach  to  equi- 
librium as  a  function  of  current 

Dots  are  based  on  equation  10  while  crosses  are  computed  from  the  as- 
sumption that  m  is  proportional  to  the  radiation  intensity. 

rate  as  the  ratio  approaches  1.  The  values  become  indeterminate 
at  low  current  because  of  arbitrary  assumptions  in  the  derivation 
of  10.  It  will  be  shown  in  the  following  section  that  is  roughly 
proportional  to  the  intensity  of  the  radiation,  and  the  crosses  in 
Figure  6  have  been  computed  on  this  basis  from  a  single  high-current 
value  of  as  given  by  equation  10.  The  rapid  decrease  in  the 
ratio  at  low  current  comes  in  large  part  from  the  increase  in  n'2 
Table  1  includes  some  values  of  the  ratio  r^jn'z  for  the  3Pj  2  state. 
This  is  derived  from  the  tabulated  values  of  n2/n'2  and  the  difference 
in  TL  for  the  two  doublets. 

137718—32  4 


Digitized  by  Google 


504  Bureau  of  Standards  Journal  of  Research  \  vm.  9 

V.  RADIATION  INTENSITY  AND  REVERSAL 

TEMPERATURE 

The  luminous  caesium  vapor  is  transparent  except  at  the  absorption 
lines  and  over  the  width  of  the  lines  it  is  completely  opaque.  The 
caesium  radiation  may  be  considered  as  the  radiation  of  an  incandes- 
cent body  at  the  temperature  TL  which  has  zero  einissivity  oxcept 
at  the  resonance  lines.  (The  contribution  of  other  lines  is  negligible.) 
The  radiation  per  cm2  can  be  expressed  in  the  form  of  Wien's  law : 

J=0,X-5exp  (—  V R/VL)  AX 

where  X  is  the  mean  value  for  the  two  lines  and  AX,  is  the  sum  of  the 
widths  of  the  lines.  Table  2  gives  values  of  AX  computed  from  meas- 
ured values  of  TL  and  of  the  total  radiation  as  given  in  RP455.  This 
effective  width  is  about  the  same  as  the  apparent  width  of  the  lines 
on  the  spectrograms  though  the  dispersion  was  too  small  for  an  ac- 
curate comparison.  It  is  nearly  constant  at  constant  pressure,  so 
the  increase  in  J  with  current  comes  from  the  increase  in  TL.  Since 
Wien's  law  and  Boltzmann's  law  have  the  same  form,  the  radiation 
is  proportional  to  the  number  of  excited  atoms  per  cubic  centimeter. 

At  constant  current  J  remains  nearly  independent  of  pressure. 
The  decrease  in  TL  with  increasing  pressure  compensates  for  the 
increase  in  AX.  The  radiation  does  not  remain  proportional  to  n?  for, 
because  of  the  increasing  opacity,  the  radiation  comes  from  a  smaller 
depth  of  the  vapor  at  higher  pressure.  This  depth  can  be  estimated 
as  given  below. 


Table  2. — Effective  line  tvidth  and  effective  depth  of  radiating  vapor 


* 

1 

O.'M)  mm 

0.16  mm 

0.076  mm 

0.0128  mm 

0.0056  mm 

■•— - —  

2.0  ainiwrcs  

AX  mean    

1 

H 

ArXm 

20  A 
1*.  6  A 
17.  H  A 

8.5  A 
S.35  A 
11.45  A 
0.0  A 

5.6  A 
5.64  A 
5.5  A 
5.  86  A 

1.25  A 
1.48  A 
1.87  A 
1.52  A 

0.M  A 
.  008  A 
.625  A 
.728  A 

IS.  8 
_  1.  22X  1(H 

U.05  A 

5.65  A 

1.40  A 

1.42X10-' 

1.62X10-1 

2.28X10-> 

3.1X10-' 

2.  G 

2.3 

2.5 

2.8 

1.9 

The  rate  of  radiation  of  atoms  in  the  2Pi  2  states  is  very  closely 
that  of  a  classical  oscillator  of  the  frequency  of  the  caesium  lines 12 

^==3TmX2  =  2  8X  107  per  second 

The  radiation  from  n2  atoms  is  then  2.8  X  107  ^  quanta  per  second. 
The  measured  radiation  per  square  centimeter,  divided  by  this  num- 
ber, gives  the  volume  or  the  depth  from  which  the  radiation  comes. 
Values  of  this  effective  depth,  Ar,  are  included  in  Table  2  and  range 
from  1  to  3  X  10~3  cm.  The  ratio  AX/Ar  should  be  proportional  to  the 
number  of  atoms  per  cubic  centimeter.  The  last  row  of  the  table 
shows  that  this  proportionality  holds  except  perhaps  for  the  lowest 
pressure. 

<>  Uiuwlbuth  tier  Pliys..  vol.  20. 
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While  the  radiation  life  of  an  excited  atom  is  1/4  =  3.56  X  MP8 
seconds,  the  duration  of  excitation  within  the  discharge  tube  may  be 
much  longer  than  this.  The  radiation  will  be  absorbed  and  reemitted 
in  a  distance  comparable  with  Ar  computed  in  the  preceding  section. 
If  this  experimental  quantity  is  taken  as  the  mean  free  path  of  a 
quantum  of  resonance  radiation,  then  the  time  of  diffusion  of  re- 
sonance radiation  out  of  the  cylindrical  tube  will  be — 

rr  =  0.  75  (r/Ar)2X  3.56  Xl0~8  =  0.015  to  0.0025  second  (11) 

using  extreme  values  of  Ar.  This  can  only  be  right  in  order  of 
magnitude  because  of  the  approximations  used  in  the  derivation  of  Ar. 

The  actual  duration  of  the  excited  state  in  the  discharge,  t,  will  be 
shorter  than  this  because  of  collisions  of  the  second  kind.  This 
time  can  be  computed  by  equating  the  number  of  excited  atoms  to 
the  rate  of  production  times  the  duration — 


7h  =  Ci2  r/vol 

The  time  between  collisions  t21  is  given  by  the  relation — 

1/ri  i=?2i  iV>,/vol 


(12) 


(13) 


Some  values  are  given  in  Table  3  and  it  is  seen  that  except  at  low 
currents  and  pressures  r  and  t2i  are  nearly  equal  and  by  equation  13 
inversely  proportional  to  N,  which  has  a  large  range  of  values.  The 
extreme  value  of  t  =  3.8X10~8  is  nearly  equal  to  the  radiation  life 
which  means  that  in  the  4  amp  discharge  the  duration  of  an  excited 
state  is  reduced  to  half  its  normal  value. 

Table  3.— The  duration  oj  excited  states  and  the  time  between  collisions 


Pressure 

Current 

r 

r»  i 

*• 

mm 

0.003 

A  mperet 

2 
1 

.5 
.15 

0.  58X10-* 

1.  M 
3.24 
4.85 

0. 70X10-* 

2.66 
12 
90 

3. 3X10-* 

3.7 
4.4 
5.2 

.0126 

2 
1 

.5 

.26 
.77 
1.90 

.264 

.88 
3.0 

5.0 
5.9 
5.9 

.076 

4 

.038 

2 
1 

.28 

.101 
.30 

3.3 
4.0 

.35 

2 
1 

.094 
.24 

.09* 
.26 

2.6 
2.9 

The  duration  of  an  excited  state  in  the  absence  of  collisions  of  the 
second  kind  t0  is  given  by — 


1 


1 


J. 

r2i 


(H) 


It  can  be  shown  that  r2  i/r  =  n-V^a  so  that  the  small  quantity  l/r0  can 
be  evaluated  by  equation  (14)  in  spite  of  experimental  errors  in  t 
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and  t21.  The  values  r0  which  remain  of  the  magnitude  5X10"* 
seconds  for  all  conditions  are  much  smaller  than  the  diffusion  times  as 
given  by  equation  11.  Possibly  collisions  of  the  first  kind  with 
excited  atoms  are  a  more  important  factor  than  diffusion.  However, 
the  diffusion  time  and  r0  are  quantities  of  secondary  importance  in 
the  discharge  and,  as  the  theory  has  been  limited  to  first-order  ap- 
proximations, conclusions  as  to  second-order  effects  are  scarcely 
legitimate. 


VII.    KILLIAN'S    MEASUREMENTS    ON    THE  MERCURY 

POSITIVE  COLUMN 13 

Killian  has  puolished  a  detaile  dstudy  of  electrical  conditions  in  a 
mercury  discharge  in  a  tube  6.2  cm  in  diameter  with  a  constant  cur- 
rent of  5  amps  at  three  pressures.  The  precision  is  presumably  much 
higher  than  that  obtained  with  caesium.  The  dissipation  of  power 
apart  from  recombination  is  ascribed  by  Killian  to  inelastic  collisions 
at  4.9  volts.  In  Table  4  I  present  the  essential  data  and  the  results 
of  computations  such  as  have  been  made  for  caesium.  The  effective 
collision  area  Qi2f  computed  by  equation  1,  is  far  from  constant  and  I 
assume  that  the  low-pressure  value  is  correct  and  that  collisions  of  the 
second  kind  are  important  at  the  higher  pressures.  In  mercury 
there  are  three  low-excitation  potentials  at  4.66,  4.86,  and  5.43  volts, 
giving  the  states  23P0,  23P,,  and  28P2  of  weights  1,  3,  and  5.  The 
assumption  that  the  three  states  are  in  their  equilibrium  ratio  leads 
to  values  of  the  number  of  excited  atoms  which  seem  unreasonably 
high  and  there  are  other  good  reasons  to  doubt  that  2aP2  is  populated 
in  proportion  to  its  weight.  If  most  of  the  atoms  are  in  2  P0  and  2  Pb 
populated  in  the  ratio  of  1  to  3 — 


1 


(15) 


Table  4. — Collisions  of  the  first  and  second  kind  in  mercury 


Atoms/cm1. 

N,  

V,  

Ci  rCji-.- 


Excite 


ited  atoms  per  cm',  m.. 

Normal  atoms,  m   

Duration,  r  _  

Time  between  collisions,  rj , . 
Duration,  r»  


0.0002  mm 


0.001  mm 


0.51X10"  

1.11X101'.  ..... 

3.27  volte  

0.31X10"  

0.«8X10-'»cm'. 


3.1X10"  

2.18X10"  

2. 37  volte  

atmxio"  

(0.3MX10-")  

a  52X10-'*  cm'... 

0.60X10"  

2.  OX  10' »  

0. 97X10-*  seconds 

2.65XHH  

1.5oX10-<  


— 


18,1X10". 
157X10". 
1. 71  volte. 
1.71X10". 
(0.  12XI0-"). 
0.  86X10-"  en 
2  4AX10". 
13.6X10". 
0.  905X1 
1. 14X10-*. 
4.3AX10-*. 


(Inclusion  of  23P2  changes  Y4  to  %.)  With  this  rather  arbitrary 
assumption,  the  tabulated  values  for  the  number  and  duration  of 
excited  atoms  are  derived.  n2/ni  is  so  high  that  n\  is  appreciably  less 
than  the  total  number  of  atoms.  At  the  highest  pressure  the  dura- 
tion of  excited  states  is  nearly  equal  to  the  time  between  collisions  of 
the  second  kind  and  the  concentration  has  reached  nearly  its 
equilibrium  value. 


"  Killian,  Phys.  R«v.,  vol.  86,  p.  123*.  l'.WO. 
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The  computed  value  of  t0,  the  duration  in  the  absence  of  collisions, 
can  be  compared  with  direct  measurements  of  the  duration  of  23P0 
and  23Pi  atoms.  Couilette  u  has  measured  the  diffusion  time  of 
23P0  atoms  between  concentric  spheres  3.17  cm  apart  and  finds  the 
time  2.5  X  10~4  seconds  at  0.0013  mm  and  5  X  10~4  seconds  at  0.0051  mm. 
The  conditions  are  roughly  comparable  with  Kiliian's  conditions  and 
the  diffusion  times  are  seen  to  be  almost  equal  to  the  two  values  of  r0. 
Measurements  of  the  diffusion  time  of  resonance  radiation  which 
give  the  duration  of  23Pi  lead  to  values  of  the  order  of  one-twentieth 
of  this.'5 

The  agreement  between  the  computed  values  of  t0  and  the  observed 
diffusion  time  of  23P0  atoms  implies  a  predominance  of  23P0  atoms  in 
contradiction  to  my  assumptions.  Actually  the  number  of  atoms  in 
23P0  must  be  more  than  a  third  of  and  the  values  for  n*,  r  and  t0 
will  be  somewhat  less  than  in  Table  4.  Apart  from  this  minor  com- 
plication, the  results  are  consistent  with  the  view  that  collisions  of 
the  second  kind  play  an  important  part  in  the  mercury  discharge, 
even  with  low  pressures  and  current  densities.18 

VIII.  MEASUREMENTS  OF   KOPFERMANN  AND  LADEN- 
BURG  ON  THE  NEON  POSITIVE  COLUMN  17 

Studies  of  the  anomalous  dispersion  of  excited  neon  give  detailed 
information  as  to  the  concentration  of  different  excited  states  under 
a  wide  range  of  conditions.  Measurements  were  made  on  the  tran- 
sitions between  the  lower  states  s3,  s4,  «5,  and  the  various  p  states 
(Paschen  notation).  The  lower  states  are  analogous  to  the  23P  states 
of  mercury  but  in  inverted  order.  The  concentrations  of  these 
states  approach  constant  values  in  the  equilibrium  ratios  with  a 
current  density  of  about  0.1  amp/cm1  for  a  pressure  of  1  mm.  Only  at 
very  low  currents  is  there  a  marked  preponderance  of  the  metastable 
states  as  compared  with  the  radiating  state.  With  increasing 
pressure  up  to  9  mm  the  equilibrium  is  attained  at  lower  currents 
in  accord  with  the  results  with  caesium,  but  unlike  caesium  the  number 
of  excited  atoms  decreases  with  increasing  pressure.  Only  with 
the  highest  current  density,  1.4  amp/cm2,  is  the  number  of  atoms 
in  the  higher  states  near  the  equilibrium  value.  The  equilibrium 
value  for  the  p  states  at  1  mm  pressure  corresponds  to  an  electron 
energy  V0=2  volts  while  the  8  states  correspond  to  values  between 
1.6  and  1.85  volts.  Measurements  of  electron  energies  in  the  neon 
positive  column18  give  values  within  this  range  for  comparable 
conditions  of  pressure  and  current. 

'«  CouMette,  Phys.  Rev.,  vol.  32,  p.  838,  1928. 

'»  Webb  and  Messenger.  Phys.  Rev.,  vol  33,  p.  319,  1929. 

»•  Latysceff  and  Leipunicsy,  Zeits.  f.  Pbys.,  vol.  65,  p.  Ill,  1930,  give  direct  measurements  of  collisions  of 
the  second  kind  in  mercury.  The  demonstration  of  the  effect  is  very  convincing,  but  their  estimate  of  the 
absolute  value  of  the  probability  is  based  on  an  assumed  value  of  the  number  of  excited  atoms  which  is 
certainly  far  too  high.  Their  value  of  the  probability  is  much  lower  than  that  deduced  from  Kiliian's 
measurements.  Published  estimates  of  Ci,  j  cover  a  very  wide  range  of  values  and  are,  in  general,  much  less 
than  1  deduce.  Kiliian's  experimental  data  can  not  be  wrong  in  order  of  magnitude  and  the  assumptions 
I  have  used  tend  to  give  a  value  of  Oi  s;  that  is,  too  low  rather  than  too  high. 

"  Kopfermann  and  Ladenburg,  Zeits.  f.  Phys.,  vol.  48,  pp.  15,  38,  51,  and  192,  1928.  Zeits.  f.  Phys  . 
vol.  65,  p.  167,  1930. 

>•  Seeliger  and  Hichert,  Ann.  der  Phys.,  vols.  5-11,  p.  817,  1931. 
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IX.  CONCLUSIONS 

In  a  c«sium  positive  column  with  pressures  above  0.006  mm  there 
are  simple  relations  between  the  electron  temperature  T„  the  number 
of  excited  atoms,  n?,  and  the  radiation  intensity.  The  number  of 
excited  atoms  in  the  first  excited  state  is  nearly  equal  to  the  number 
which  would  exist  in  equilibrium  at  a  temperature  Tt.  With  increas- 
ing current  1\  and  n?  slowly  increase  and  the  radiation  intensity 
remains  proportional  to  n?.  The  electron  concentration  and  the 
number. of  collisions  of  the  first  kind  increase  greatly,  but  the  number 
of  collisions  of  the  second  kind  increase  at  an  equal  rate  and  the  onlv 
primary  effect  is  to  reduce  the  life  of  the  excited  states.  With 
increasing  pressure,  Te  and  the  concentration  of  excited  atoms 
decrease  while  n?  gradually  increases.  The  radiation  remains  nearly 
constant. 

The  studies  of  Kopfermann  and  Ladenburg  of  anomalous  disper- 
sion in  the  neon  positive  column  and  my  deductions  from  Killian's 
electrical  measurements  in  the  mercury  positive  column  indicate 
that  the  relation  between  the  number  of  excited  atoms  and  T,  are 
qualitatively  similar  for  neon,  mercury,  and  ctesium.  These  atoms 
are  extremely  different  in  structure  and  one  can  conclude  that  the 
relation  is  quite  general.  While  the  approach  to  equilibrium  con- 
centration occurs  at  low  current  for  the  first  excited  state  (or  close 
group  of  states)  it  requires  high  currents  to  approach  equilibrium 
in  the  second  states.  Thus  there  is  no  reason  to  expect  a  distribu- 
tion of  intensity  in  the  line  spectrum  (in  a  series  of  lines,  for  instance) 
that  is  simply  related  to  the  electron  temperature. 

Washington,  June  13,  1932. 
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THE  AREAS  AND  TENSILE  PROPERTIES  OF  DEFORMED 
CONCRETE-REINFORCEMENT  BARS 

By  A.  H.  Stang,  L.  R.  Sweetman,  and  C.  Gough 


ABSTRACT 

la  order  to  compute  the  yield  point  and  tensile  strength  of  a  deformed  rein- 
forcement bar  from  tensile  tests,  the  crosss-section  area  must  be  known.  Four 
practical  methods  of  measuring  this  area  have  been  studied.  The  determination 
of  the  weight  and  length  of  a  bar  (assuming  a  density  of  0.2833  lb. /in.3)  and  the 
measurement  of  the  volume  of  liquid  displaced  by  a  bar  of  known  length  gove 
results  about  ten  times  as  consistent  as  those  obtained  with  a  micrometer  or  a 
planimeter.    The  first  method  is  considered  the  most  practical. 

Specifications  for  deformed  bars  permit  the  tests  of  bars  which  have  been  ma- 
chined to  a  cylindrical  cross  section.  Data  are  lacking  as  to  the  comparative 
tensile  properties  of  machined  and  unmachined  specimens.  Tensile  tests  were 
therefore  made  on  bars  having  the  original  lugs,  bars  from  which  the  lugs  had 
been  filed  and  bars  which  had  been  machined  to  a  cylindrical  cross  section.  The 
results  of  these  tests  showed  that  the  yield  point  and  tensile  strength  were  in- 
creased slightly  by  filing  and  more  by  machining,  but  that  the  differences  were 
too  small  to  warrant  the  cost  of  machining  the  specimens. 
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I.  SCOPE  AND  PURPOSE  OF  THE  TESTS 

Specifications  1  for  deformed  concrete-reinforcement  bars  list  limit- 
ing values  of  the  stress  (lbs./in.2)  at  the  yield  point  and  the  tensile 
strength  of  the  bars.  When  reinforcing  bars  are  tested  the  load  in 
pounds  at  the  yield  point  and  the  maximum  are  observed.  The 
stresses  are  then  computed  bv  dividing  the  load  by  the  original  cross- 
sectional  area  of  the  bar  and  compared  with  the  values  given  in  the 
specification. 

>  United  States  Government  master  specification  for  bars,  reinforcement,  concrete.  Federal  Specifications 
Board  Specification  No.  350u.  American  Society  for  Testing  Materials  standard  specifications  for  billet- 
steel  concrete  reinforcement  bars,  A.  3.  T.  M.  designation:  A-15-13  and  standard  specifications  for  rail-stocl 
concrete  reinforcement  bars,  A.  S.  T.  M.  designation;  A-16-14;  A.  S.T.  M.  standards.  1930.  Pt.  I,  Metals, 
pp.  131  and  135,  respectively. 
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The  specifications  are  drawn  up  for  the  purpose  of  insuring  that 
the  bars  shall  have  adequate  strength,  that  they  shall  be  made  of  a 
suitable  quality  of  material,  and,  in  addition,  that  the  purchaser 
shall  not  be  required  to  pay  for  an  undue  amount  of  overweight  in 
delivery.  The  insuring  of  adequate  strength  does  not  require  the 
specification  of  the  "yield  point"  or  ''tensile  strength"  of  the  material 
in  the  bars.  This  purpose  would  be  equally  well,  if  not  better,  served 
by  making  use  of  the  principles  of  specifications  already  applied  to 
manila  and  wire  rope,  specifying  for  each  nominal  size  a  "minimum 
yield  load"  and  a  "minimum  tensile  load."  That,  in  fact,  is  the 
form  in  which  the  designer  will  use  the  specified  values,  regardless 
of  the  particular  manner  in  which  they  are  expressed  in  the  speci- 
fications. 

II.  THE  SPECIMENS 

Deformed  bars  used  in  this  country  vary  in  size  from  K  to  1  %  inches. 
One-half  inch  and  1-inch  bars,  both  round  and  square,  were  selected 
for  these  tests  in  which  four  types  of  deformation  and  three  grades  of 
steel  were  used.  (See  Table  1.)  The  rail  steel  bars  were  donated 
by  the  Buffalo  Steel  Co.  The  other  bars  were  purchased  from 
commercial  stock. 

Twenty-four  bars  were  used  in  the  tests.  Beginning  at  one  end 
of  a  bar,  12  test  specimens  were  cut  m  sequence,  Al,  JBl,  Cl,  Dl; 
A2,  B2,  C2,  D2;  A3,  B3,  C3,  D3.  The  A  specimens  were  12  inches 
long,  the  others  20  inches.    They  were  used  as  follows: 

Type  A,  for  area  and  density  determination. 

Type  B,  for  tensile  test,  as  received. 

Type  C,  for  tensile  test  after  the  lugs  had  been  filed,  by  hand,  from 
the  middle  9-inch  length. 

Table  1/ — The  bars,  description  and  density 


Type  of  deformation 


Corrugated  . 


Hail  . 


Orade  of  st«>l 


Intermediate,  billet 


.do. 


Structural,  billet. 


Intermediate,  billet. 


Hard, 


Hard,  rail. 


Site 


Inch 

H 
H 

1 
1 

H 
H 

1 
1 

Yt 


h 


1 
1 


Round.. 
Square- . 
Hound.. 
Square.. 

Koimd . . 
Square.. 
Hound.. 
8quare.. 

Round.. 
8(iuare.. 
Round- 
Square.. 

Round.. 
Square.. 
Hound.. 
Square .. 

Round.. 
Square.. 
Round.. 
Square.. 

Round.. 
Square.. 
Hound.. 
Square.. 


Density 


LbtJinS 
0.2825 
.2SK 

282V 

2824 
282o 
2823 


2827 

2i»2j 
2X20 

2823 
2822 
2822 
2827 

2824 
2827 
282J 


2824 


Type  D,  for  tensile  test  after  having  been  machined  for  the  middle 
9-inch  length  to  the  largest  cylindrical  section  possible  with  removal 
of  all  scale. 
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III.  DETERMINATION  OF  AREA 

The  area  determinations  bv  the  different  methods  were  made  only 
on  the  type  A  specimens  of  the  rail  steel  bars.  These  specimens  had 
relatively  small  deformations  and  were  more  regular  in  cross  section 
than  some  of  the  other  bars. 

1.  WEIGHT-LENGTH  METHOD 

By  this  method  the  area  generally  is  calculated  from  the  weight 
of  a  measured  length  of  the  Dar  on  the  assumption  that  a  steel  bar 

1  square  inch  in  section  and  1  foot  long  weighs  3.400  pounds,  or 
0.2833  lb./in.3  This  value  for  the  density  is  given  in  all  American 
handbooks.  To  check  the  accuracy  of  this  value,  the  density  of  one 
specimen  of  each  type  of  deformation,  grade  of  steel,  and  size  was 
determined  by  the  capacity  and  density  section  of  the  bureau.  These 
densities,  given  in  Table  1 ,  are  all  within  one-half  of  1  per  cent  of  the 
nominal  density  of  0.2833  lb./in.3  The  average  density,  0.2825 
lb./in.3,  is  less  than  0.3  per  cent  from  the  nominal  value. 

The  weight-length  method  is  obviously  an  indirect  volume  meas- 
urement and  the  areas  obtained  represent  average  rather  than 
minimum  cross  sections. 

For  this  investigation  each  of  three  observers  measured  the  length 
of  the  bars  with  a  steel  scale  graduated  to  0.01  inch  and  weighed 
them  on  an  equal  arm  balance  to  the  nearest  0.001  pound.  Areas 
were  then  calculated  by  the  following  formula 

where 

A  is  the  area,  square  inch. 
W  is  the  weight,  pound. 
L  is  the  length,  inch, 
p  is  the  density,  pounds  per  cubic  inch. 
The  areas  calculated  by  this  method  are  given  in  Table  2.  This 
table  also  lists  the  deviation  of  each  observation  from  the  average. 

2.  IMMERSION  METHOD 

For  this  method  the  specimens  were  immersed  in  denatured  alcohol 
contained  in  a  cylindrical  glass  graduate  and  the  areas  given  in  Table 

2  were  computed  by  the  formula 

16.39L 

where 

A  is  the  cross-sectional  area  of  the  specimen,  square  inch. 

Vis  the  graduate  reading  before  the  specimen  is  immersed, 

cubic  centimeter. 
TTi  is  the  graduate  reading  after  the  specimen  is  immersed,  cubic 

centimeter,  and 
L  is  the  length  of  the  specimen. 
The  length,  Z,  was  determined  in  the  same  way  as  for  the  weight- 
length  method.    This  method  has  been  recommended  by  Scheirer.2 


»  Accurate  Method  for  Determining  Actual  Areas  for  Deformed  Steel  Reinforcing  Bars,  M.  K.  Scheirer, 
Concrete,  vol.  33,  p.  24,  Scptemf^r,  1928. 
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Table  2. — Cro$8-8ectional  area  of  deformed  bars 
(Deformed  rail  steel  concrete-reinforcement  bars,  type  A  specimens) 


Norni- 

rim  h: 


i  orvrr 


; 

V."oH:tit-k>ri£th:   Immersion    I  M icronu'ff r 


mi' i  hod 


Ti'KIII.l 


..In 


,1,,. 


.  .-in.... 


 - 


..dn. 


-Jo. . . . 


J   


.do.... 


method 


Hi'vi- 


An-;; 


at  ii  in 


uic-iltoU 


Area 


J  ><".:- 
•  ntinn 


Fbtuimttor 
met  hod 


Area 


Devi- 
ation 


I. 


]  1 


'■Square .  Per  'Square'    JUr  \SqutiT( 

inch  I  cent      inch  ,   ctnt   \  inch 

0.  \:XH  I  tl,  1 1  0.  is-.* 

,  .  iv.m  i  .  Hi    .  iys 


0.  u:>  ii. 
.  or.  I  .  j  s;.o 

.  0r>       1  7N7 


/Vr    Square  Per 

ctnt  .  inc/l  rrnf 
2.  N7  '0.  LSI  I.  <>7 

.  %  (  .  1*0    |        .  (X) 

a.  :io  .  .  177       i.  r>7 
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The  bars  were  held  bv  a  small  copper  wire,  the  immersed  volume  of 
which  was  less  than  l/20  cm3.  Alcohol  was  used  rather  than  water 
because,  due  to  its  lower  surface  tension,  the  level  of  the  liquid  in  the 
graduate  could  be  more  accurately  determined.  It  also  wets  the 
steel  bar  so  that  air  bubbles  are  not  trapped  on  the  surface  as  with 
water.  The  calibrated  graduate  used  with  the  }*-inch  bars  was  gradu- 
ated to  0.5  ml  and  that  used  with  the  1-inch  bars  to  1.0  ml.  On  both 
readings  were  estimated  to  1/10  ml. 

3.  MICROMETER  METHOD 

The  minimum  areas  were  calculated  from  measurements  with  a 
micrometer  caliper  of  the  sides  of  the  square  bar  or  the  diameter  of 
round  bars.  Two  measurements  to  the  nearest  0.001  inch  were  taken 
on  each  side  of  two  sides  (or  of  two  diametral  planes  perpendicular  to 
each  other)  and  the  four  measurements  were  averaged.  Correction 
was  made  for  the  rounded  corners  of  the  square  bars,  the  radii  of  these 
corners  being  measured  with  radius  gages.  The  areas  are  given  in 
Table  2. 

4.  PL ANI METER  METHOD 

The  smooth  end  of  a  bar  was  impressed  on  a  paper  and  the  area 
of  the  impression  measured  with  a  polar  planimeter.  It  is  customary 
in  some  laboratories  to  ink  the  end  of  the  bar,  and  force  it,  using  a 
testing  machine,  against  the  paper  which  may  be  backed  up  with 
blotting  paper  or  some  other  relatively  soft  substance.  PreUminarv 
studies  with  round  and  square  machined  specimens  showed  that  this 
procedure  gave  areas  smaller  than  the  area  computed  from  the  di- 
mensions. This  difference  was  probably  due  to  the  soft  backing 
material. 

The  method  finally  adopted  was  as  follows:  The  end  of  the  bar 
was  finished  smooth,  care  being  taken  to  avoid  rounding  the  corners. 
This  surface  was  inked  with  an  inking  pad,  the  surplus  ink  around  the 
edges  wiped  off,  and  several  impressions  were  made  on  buff  detail 
paper.  The  weight  of  the  specimen,  12  inches  long,  supplied  the 
impressing  force.  The  second  or  third  impression  was  usually  better 
than  the  first  due  to  the  smaller  amount  of  ink  on  the  end  of  the  bar. 
This  method  resulted  in  clear  cut  perimeters. 

The  areas  were  measured  with  a  Coradi  polar  planimeter  with  an 
arm  length  such  that  each  division  of  the  vernier  amounted  to  0.01 
in.2.  The  mean  of  three  measurements  by  each  observer  is  given  in 
Table  2. 

■ 

5.  COMPARISON  OF  THE  DIFFERENT  METHODS 

The  deviations  given  in  Table  2  are  measures  of  the  variation  in 
the  areas  as  determined  by  different  observers  and  by  different  meth- 
ods. If  the  average  of  the  deviations  for  one  method  is  smaller  than 
for  another  method,  it  is  probable  that  the  first  method  will  give 
more  consistent  values  for  different  observers  than  the  second.  On 
this  basis,  the  weight-length  method  is  best  and  then  come,  in  order, 
the  immersion  method,  the  micrometer  method,  and  finally  the 
planimeter  method. 

This  rating  is  supported  by  a  consideration  of  the  observational 
errors  involved.  If  three  sets  of  observations  made  by  the  weight- 
length  method  are  not  in  error  more  than  plus  or  minus  0.01  inch  in 
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12  inches  as  regards  length  and  not  more  than  plus  or  minus  0.001 
pound  in  0.668  pound  as  regards  weight  (#-inch  round  bar),  then  the 
average  departure  of  an  individual  determination  from  the  mean  of 
three  should  never  exceed  0.2  per  cent.  For  the  immersion  method, 
with  the  same  uncertainty  as  regards  length  and  a  possible  error  of 
plus  or  minus  0.1  ml  in  38.7  ml  in  measuring  the  displacement,  the 
average  departure  should  not  exceed  0.3  per  cent;  while  in  the  pla- 
nimeter  method  with  an  uncertainty  of  0.01  in.2  in  the  measurement  of 
an  area  of  only  0.2  in.1,  the  average  departure  of  three  detenninations 
from  the  mean  may  reach  4.3  per  cent.  While  these  percentages  are 
limiting  values  (not  the  most  probable  average  deviation)  they  should 
conform  approximately  in  relative  magnitude  with  the  grand  aver- 
ages of  the  observed  deviations  in  Table  2.  Considering  the  methods 
in  the  order  discussed,  the  computed  relative  magnitudes  of  the 
deviations  for  the  three  methods  are  1:1.5:21,  while  the  relative 
magnitudes  of  the  corresponding  observed  deviations  are  1:1.4:15. 

A  similar  analysis  of  the  micrometer  method  was  not  attempted. 
Deformed  bars  do  not  have  simple  regular  sections,  and  the  cross 
sectional  area  may  vary  from  point  to  point  along  the  bar,  so  that 
the  average  deviation  depends  more  upon  the  location  of  the  measur- 
ing stations  on  the  bar  than  upon  the  precision  of  the  micrometer 
readings. 

Current  specifications  permit  the  deliveries  of  reinforcement  bars 
one-half  inch  in  diameter  or  larger  which  deviate  not  more  than  plus 
or  minus  7.5  per  cent  from  the  nominal  area.  If  the  nominal  area  is 
used  in  the  determination  of  yield  point,  tensile  strength  and  elonga- 
tion from  the  values  observed  during  a  tensile  test,  errors  of  this 
order  of  magnitude  may  be  introduced  in  the  results.  If  an  accuracy 
of  this  order  of  magnitude  is  sufficient  to  insure  that  the  material  is 
of  suitable  quality  without  an  undue  percentage  of  rejections  of 
borderline  material,  it  would  be  simplest  and  most  economical  to 
require  that  yield  points  and  tensile  strengths  for  specification  pur- 
poses be  calculated  on  the  basis  of  the  nominal  areas,  which  are  used 
by  the  engineer  in  his  design  calculations. 

If  an  accuracy  of  this  order  is  not  considered  sufficient  to  insure 
that  the  material  is  of  suitable  quality  without  undue  rejections  of 
borderline  material,  the  weight-length  method  of  area  measurement 
is  undoubtedly  to  be  preferred  to  any  of  the  others.  It  requires  no 
special  apparatus,  the  measurements  are  easy  to  make,  and  the  errors 
(maximum  plus  or  minus  0.2  per  cent)  are  much  below  those  tolerated 
(plus  or  minus  1  per  cent)  in  testing  machine's. 


The  M-inch  bars  were  tested  in  a  testing  machine  having 
50,000  pounds  capacity  and  the  1-inch  bars  in  a  testing  machine 
having  a  capacity  of  *  100,000  pounds.  The  specimens  were  held 
with  wedge  grips,  well  lubricated  with  grease  and  graphite  on  the 
sliding  surfaces.  The  rate  of  separation  of  the  heads  of  both  machines 
under  no  load,  was  0.4  inch  per  minute.  The  yield  point  was  deter- 
mined by  the  drop  of  beam.    All  specimens  had  definite  drop  of 


IV.  THE  TENSILE  TESTS 


1.  METHOD  OF  TESTING 
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2.  CALCULATION  OF  RESULTS 

The  yield  point  and  tensilve  strength  values  were  calculated 
from  the  test  loads  for  the  different  types  of  tensile  specimens  by 
dividing  by  the  area  found  as  follows : 

Type  B  specimens  tested  as  received. — The  areas  were  determined 
by  the  weight-length  method. 

Type  C  specimens  with  lugs  filed  of. — The  specimens  were  weighed 
and  their  length  measured.  The  fractional  length  with  lugs  left  on 
was  then  determined  from  a  count  of  the  total  number  of  original 
lugs  and  of  the  lugs  left  on.  The  weight  of  this  length  was  deter- 
mined from  the  calculated  weight  of  an  equal  length  of  tne  correspond- 
ing A  specimens.  The  difference  between  the  total  weight  of  the  C 
specimen  and  the  weight  of  the  fractional  length  with  lugs  left  on 
gave  the  weight  of  the  fractional  length  from  which  the  lugs  had  been 
filed.    The  area  was  then  calculated  bv  the  weight-length  method. 

Type  D  specimens,  machined  to  a  cylindrical  section. — The  diameter 
was  measured  to  the  nearest  0.001  inch  with  a  micrometer  caliper 
and  the  area  calculated  from  this  diameter. 

The  elongation  in  8  inches  was  measured  with  dividers  and  a  steel 
scale  to  0.01  inch.  For  the  few  specimens  which  broke  outside  of  the 
middle  half  of  the  gage  length,  the  elongation  was  computed  accord- 
ing to  the  method  outlined  in  A.  S.  T.  M.  tentative  specification, 
serial  designation:  E8-27T.3 

3.  AVERAGE  RESULTS 

The  yield-point  and  tensile-strength  values  for  the  three  specimens 
of  each  type  from  each  bar  were  very  consistent.  The  elongation 
values  varied  more.  The  greatest  variation  of  a  single  value  from  the 
mean  for  each  of  the  72  groups  of  three  specimens  was  less  than  3% 
per  cent  for  the  yield  pomt  values  and  less  than  2#  per  cent  for  the 
tensile  strengths  (except  for  one  group).  For  54  of  the  groups  the 
maximum  deviation  of  the  elongation  values  was  less  than  5  per  cent. 
The  average  results  are  given  in  Table  3,  each  value  for  yield  point, 
tensile  strength  and  elongation  being  the  average  for  the  three 
similar  specimens  from  each  bar. 

» Tentative  Methods  of  Tension  Testing  of  Metallic  Materials.  Proc.  A.  S.  T.  M.,  vol.  27,  Pt.  I,  p.  1078. 
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4.  THE  EFFECT  OF  FILING  OFF  THE  LUGS,  ON  THE  TENSILE  STRENGTH 

The  average  maximum  load  in  pounds  of  the  type  C  specimens 
with  lugs  filed  off  was  less  in  all  cases  than  the  average  maximum 
load  in  pounds  of  the  type  B  specimens  which  were  tested  as  received. 
The  areas  based  upon  weight-length  measurements  were  also  less,- but 
Table  4  which  lists  the  decrease  in  maximum  load  and  area  of  the 
type  C  specimens  with  respect  to  the  type  B  specimens  shows  that 
the  decrease  in  area  was  in  all  cases  greater  than  the  decrease  in 
maximum  load.  The  lugs  were  therefore  effective  in  resisting  tensile 
forces  to  some  extent.  An  example  will  be  used  to  show  how  the 
relative  effectiveness  of  the  area  of  the  lugs  in  tension  as  given  in 
Table  4  has  been  calculated. 

Example. — }4-inch  round  bars,  Havemeycr  type  of  deformation,  inter- 
mediate grade  of  billet  steel: 


Type  of  specimen 

Average 

area 

Average 
tensile 
load 

Averapn 
tensile 
strength 

B-C  

Square  inch 
a  1935 
.1880 

Pound* 
14.910 
14.630 

Lbt.lin.  > 
77,000 
77,800 

.0056 

280 

Tensile  strength  of  lug  area,   q*qo  55s 50,900  lbs. /in.  1 

Tensile  strength  of  lug  area  50,900 
Tensile  strengthlor  Type  C=77r800~°-66 

It  may,  therefore,  be  concluded  that  the  lug  area  of  these  bars  was 
65  per  cent  effective  in  resisting  tensile  stresses.  Similar  values  for 
all  bars  are  given  in  Table  4.  Since  these  values  depend  on  small 
differences  between  relatively  large  numbers,  the  results  are  some- 
what variable.  They  show,  however,  that  the  lug  area  of  the  Have- 
meyer  and  rail  steel  bars  were  more  than  50  per  cent  effective  in 
resisting  tensile  forces.  These  lugs  were  parallel  to  the  axis  of  the 
bars.  The  corrugated  and  diamond  deformations  were  not  parallel 
to  the  axis  of  the  bars  and  the  lug  area  was  less  effective  in  resisting 
tensile  forces  than  for  the  other  types.  Since,  however,  the  lug  areas 
in  the  Havemeycr  bars  were  always  much  larger  than  in  the  other 
types  of  bars  (see  Table  4)  the  effectiveness  of  the  total  area  in  resisting 
tensile  load  was  practically  the  samo  for  all  types  of  bars  as  shown  in 
C/B  ratios  of  Table  3. 
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Table  4. — Effect  of  filing  off  lugs  on  the  maximum  load  and  on  the  area 


Onvic  nf  st**l 


Corn  j  gated . 


Rail. 


Intermediate. 


do- 


Structural. 


Hard. 


.do. 


Nom- 
inal 

sire 


Inch 


8hape 

Decrease 
in  maxi- 
mum load 

•TiTJ 
^  

In  area 

Relative 

□CR5  OI 

area  of 
lues  in 
tension 

PtT  CftU 

Per  crnt 

Ptr  cent 

Round  

0.9 

2. 1 

44 

Sdiiare 

1.0 

3.7 

27 

Round  

.6 

.9 

73 

Square  

.7 

2.0 

33 

Round  

.4 

1.8 

20 

Square......  .... 

.0 

2.4 

39 

Kouod  

.9 

1.4 

63 

Square  

I. 1 

2.5 

44 

Round  

2.0 

2.7 

96 

Square 

ft.  1 

8.3 

72 

1.7 

2.7 

63 

4.4 

6.0 

88 

1.9 

2.8 

66 

Square 

5.3 

6.2 

86 

2.4 

Z7 

92 

4.3 

6.4 

67 

2.1 

2.9 

71 

6.4 

6  1 

88 

3.1 

3.2 

96 

3.8 

4.3 

85 

1.8 

2.2 

80 

2.3 

2.4 

93 

1.0 

1.5 

63 

1.1 

2.0 

54 

5.  COMPARISON  OF  TENSILE  PROPERTIES  OF  UNM AC HINED  AND  OF 

MACHINED  BARS 

Table  3  gives  the  average  results  of  the  tensile  tests.  The  tensile 
strength  of  type  D  specimens  machined  to  cylindrical  cross  section 
was  in  all  cases  greater  than  that  of  the  type  C  specimens,  with  lugs 
filed  off.  The  increase  in  average  strength  of  the  type  D  specimens 
over  the  type  B  specimens  was,  however,  in  all  cases  less  than  5  per 
cent. 

The  same  general  conclusions  can  be  drawn  from  the  yield  point 
values  although  in  two  instances  the  average  yield  point  for  the  type 
D  specimens  was  1  per  cent  below  the  value  for  the  type  B  specimens. 

The  effect  of  type  of  specimens  on  the  elongation  Vas  erratic.  On 
the  average,  the  elongation  was  not  much  affected  by  filing  off  the 
lugs  or  machining  the  bar.  The  average  elongation  in  8  inches  was 
23.7  per  cent  for  the  bars  tested  as  received,  23.9  per  cent  for  the  bars 
from  which  the  lugs  had  been  filed  and  23.7  per  cent  for  the  bars  which 
were  machined  to  a  cylindrical  cross  section. 

Table  3  shows  that  the  tensile  properties  are  not  influenced  by  the 
size  or  shape  of  the  bar,  or  by  the  type  of  deformation. 

The  small  difference  in  the  tensile  properties  of  machined  and 
unmachined  specimens  leads  to  the  suggestion  that  the  use  of  the 
"expensive  machined  specimen  be  eliminated  from  the  specifications. 
If  the  use  of  the  original  sections  of  deformed  bars  were  made  manda- 
tory for  tensile  tests,  one  point  of  controversy  would  be  eliminated. 

The  results  listed  in  Table  3  show  only  two  border-line  cases  in 
which  specimens  which  failed  to  comply  with  the  requirements  of  the 
specification  as  to  yield  point  or  tensile  strength  when  tested  as 
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received,  did  comply  when  machined.  These  are  the  1-inch  square 
corrugated  and  diamond  bars.  For  the  intermediate  grade  of  steel, 
the  specified  minimum  yield  point  and  tensile  strength  values  are 
40,000  and  70,000  lb./in.2,  respectively. 


6.  DETERMINING  WHETHER  A  SPECIMEN  CONFORMS  TO  THE  RE- 
QUIREMENTS OF  THE  SPECIFICATION 

By  chance,  the  tensile  strength  of  the  1-inch  square  rail  steel  speci- 
men B-3j  tested  as  received,  affords  an  example  of  the  difficulties  of 
determining  whether  a  specimen  conforms  to  the  requirements  of  the 
specification,  when  no  method  of  area  determination  has  been  specified. 
Table  5  gives  data  as  to  the  breaking  load  of  this  bar,  of  the  area  as 
determined  by  different  methods  (average  results  from  Table  2  have 
been  used),  and  of  the  tensile  strength,  when  computed  with  regard 
to  the  different  areas. 

In  this  case,  the  values  given  in  Table  5  show  that  the  tensile 
strength  computed  by  the  nominal  area,  weight-length,  and  immer- 
sion methods,  did  not  conform  to  the  requirements  of  the  specifica- 
tion. The  tensile  strength,  computed  from  areas  determined  by  the 
micrometer  and  planimeter  methods,  did  comply  with  the  specified 
requirement.  In  border-line  cases  such  as  this,  it  is  apparent  that 
much  confusion  results  and  honest  differences  of  opinion  arise  when 
the  method  of  area  determination  is  not  specified.  The  necessity  of 
specifying  some  method  of  area  determination  is  obvious. 

Table  6. — The  tensile  strength  of  rait  steel  specimen  B-S,  1  inch  square,  tested  as 

received 

(Breaking  load,  77,970  pounds] 


Method  of  determining  urea 

Areii 

Tensile 
strength 

Square  inch 
1.000 
.9780 
.9767 
.9703 
.9877 

Lbs.lin* 
77,970 
79,  700 
79,800 
80,300 
81,400 

Specified  minimum 

80,000 

V.  CONCLUSIONS 

1.  Area  determinations  by  different  observers  of  deformed  con- 
crete-reinforcement bars,  one-half  and  1  inch  in  size,  both  round  and 
square  in  section  were  made  by  four  different  methods.  The  con- 
clusions reached  as  a  result  of  this  study  are  as  follows : 

(a)  If  specifications  for  concrete-reinforcing  bars  specify  the  yield 
point  and  tensile  strength  in  pounds  per  square  inch  of  the  material 
in  the  bars,  the  method  of  determining  the  area  to  be  used  in  calculat- 
ing them  should  be  definitely  specified. 

(6)  The  nominal  areas  which  are  used  by  the  engineer  in  his  design 
calculations  should  be  used  in  computing  yield  point  and  tensile 
strength  values  from  the  test  results  if  the  accuracy  of  the  nominal 
area  is  considered  sufficient.  Since  current  specifications  permit  the 
deliveries  of  reinforcement  bars  one-half  inch  in  diameter  or  larger 
which  deviate  not  more  than  plus  or  minus  7%  per  cent  from  the 
nominal  area,  errors  of  this  order  of  magnitude  may  be  introduced  in 
the  results. 

137718—32  5 


Digitized  by  Google 


520 


Bureau  of  Standards  Journal  o]  Research 


I  Vol  9 


(c)  If  accuracy  of  the  order  of  plus  or  minus  7.5  per  cent  in  the 
determination  of  yield  point,  tensile  strength,  ana  elongation  of 
concrete  reinforcement  bars  is  not  sufficient  to  insure  that  the  mate- 
rial is  of  suitable  quality,  without  an  undue  percentage  of  rejections 
of  border-line  material,  the  specifications  should  require  the  use  of 
the  weight-length  method. 

(d)  The  immersion  method  under  ordinary  laboratory  conditions 
gives  no  greater  accuracy  than  the  weight-length  method,  and  is 
much  less  easy  to  apply. 

(e)  The  micrometer  method  applied  to  deformed  bars  gives  much  less 
accurate  results  t  han  either  the  weight-length  or  the  immersion  method. 

(/)  The  planimeter  method  is  costly  and  time  consuming.  With 
the  usual  pfanimeters  and  within  the  usual  range  of  sizes  it  gives  much 
less  accurate  results  than  either  the  weight-length  or  the  immersion 
method. 

2.  Tensile  tests  were  made  of  deformed  concrete-reinforcement 
bars,  of  three  grades  of  steel,  four  types  of  deformation,  one-half  and 
1  inch  in  size,  both  round  and  square  in  section.  Each  bar  was 
tested  (1)  in  the  original  condition,  (2)  after  the  lugs  had  been  filed  by 
hand  from  the  middle  9-inch  length,  and  (3)  after  the  bars  had  been 
machined  to  a  cylindrical  cross  section  for  the  middle  9-inch  length. 
The  conclusions  reached  as  a  result  of  the  tensile  test  are  as  follows : 

(a)  Removing  the  lugs  from  deformed  concrete-reinforcement  bars 
decreased  sKghtly  the  load  (pounds)  carried  by  the  bars  at  the  yield 
point  and  at  failure.  The  percentage  decrease  in  load,  however,  was 
m  no  case  as  large  as  the  percentage  decrease  in  the  average  area  as 
determined  by  the  weight-length  method,  so  that  the  yield  point 
(pounds  per  square  inch)  increased  from  0  to  4  per  cent  and  the  tensile 
strength  (pounds  per  square  inch)  from  0  to  3  per  cent,  with  no 
significant  difference  between  the  different  types  of  bars. 

(6)  There  was,  however,  a  marked  difference  in  the  manner  in 
which  the  different  types  of  lugs  contributed  to  the  strength  of  the 
bar.  The  area  of  the  Havemeyer  lugs  was  approximately  50  per 
cent  effective  in  resisting  tensile  stresses,  while  tne  areas  of  the  cor- 
rugated and  diamond  type  lugs  were  less  effective. 

(c)  Machining  deformed  concrete-reinforcement  bars  to  a  cylindri- 
cal cross  section  increased  the  tensile  strength  (pounds  per  square 
inch)  over  the  tensile  strength  of  similar  bars  tested  with  the  lugs 
on.    The  increase  was,  however,  in  no  case  as  large  as  5  per  cent. 

(d)  The  yield  point  (pounds  per  square  inch)  of  deformed  concrete- 
reinforcement  bars  machined  to  a  cylindrical  section  was  in  general 
greater  than  the  yield  point  of  similar  bars  not  machined.  The 
maximum  increase  was  8  per  cent. 

(e)  The  effect  of  machining  deformed  concrete-reinforcement  bars 
on  the  elongation  was  small  and  erratic.  Sometimes  the  machined 
bars  showed  higher  elongation  and  sometimes  lower.  The  maximum 
difference  for  tne  elongation  of  unmachined  and  machined  bars  was 
less  than  5  per  cent  in  8  inches.  In  the  specimens  tested,  the  dif- 
ference was  m  no  case  sufficient  to  cause  rejection  of  the  material  in 
the  unmachined  condition. 

(f)  These  differences  seem  to  be  altogether  too  small  to  warrant  the 
cost  of  machining  concrete-reinforcement  bars  when  testing  under 
specifications. 

Washington,  August  1,  1932. 
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A  CALORIMETRIC  METHOD  FOR  DETERMINING  THE 
INTRINSIC  ENERGY  OF  A  GAS  AS  A  FUNCTION  OF  THE 
PRESSURE 

By  Edward  W.  Washburn 


ABSTRACT 

If  a  known  mass  of  gas  compressed  in  a  bomb  at  a  known  pressure  be  im- 
mersed in  a  calorimeter  and  allowed  to  expand  slowly  to  atmospheric  pressure, 
thp  cooling  effect  can  be  compensated  bv  electrical  heating.  Since  the  external 
work  is  accurately  known,  a  precision  discussion  shows  that  the  method  should 
yield  an  accurate  value  (±<1  cal.  for  a  liter  bomb)  for  the  accompanying 
change,  AU,  in  the  internal  or  intrinsic  energy  of  the  gas.  In  order  to  obtain 
reliable  results,  the  energy  effects  associated  with  the  changes  in  stress  on  the 
walls  of  the  bomb  must  be  corrected  for  or  reduced  to  a  negligible  amount  by 
proper  bomb  design.  From  the  standpoint  of  simplicity,  rapidity,  and  accuracy 
the  method  is  probably  superior  to  any  other  means  of  determing  this  quantity. 
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I.  NOMENCLATURE 

B  Barometric  pressure. 

C9  Heat  capacity  at  constant  pressure. 

i  Joule. 

M  Molecular  weight. 

to  Mass. 

v  Pressure. 

U  Quantity  of  heat. 

«  Gas  constant  per  mole. 

T  Absolute  temperature. 

t  Centigrade  temperature. 

U  Intrinsic  energy. 

v  Volume. 

W  Work. 

a  Linear  coefficient  of  thermal  expansion. 

n  Joule-Thomson  coefficient. 
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II.  INTRODUCTION 

For  any  system  whose  thermodynamic  condition  is  determined 
solely  by  temperature  and  pressure,  the  first  law  of  thermodynamics 
assumes  the  form  ♦ 

dU=dQ-pdv  (1) 

in  which  Uis  the  so-called  "total,"  "internal^"  or  "intrinsic"  energy 
of  the  system,  Q  is  the  heat  added  to  it,  p  is  the  pressure  upon  it, 
and  v  is  its  volume. 

For  any  elastic  system  the  above  relation  when  combined  with 
the  second  law  vields  the  familiar  thermodynamic  equation 

.    .     .  "  -(%)MS)Mtr\ 

in  which  T  is  the  absolute  temperature. 

The  integral  of  this  equation,  UT=J(p)  for  a  gaseous  system  at 
the  temperature  T,  is  the  quantity  sought.  Aside  from  its  general 
thermodynamic  importance  this  quantity  is  of  practical  interest  in 
connection  with  bomb  calorimetry  where  a  knowledge  of  its  value 
for  oxygen  and  for  mixtures  of  oxvgen  with  carbon  dioxide  is  needed 
in  order  to  evaluate  the  changes  in  the  heat  content  of  these  gases 
with  the  pressure. 

in.  METHODS  OF  EVALUATING  UT=J(p) 
1.  THE  p-v-T  METHOD 

By  operating  upon  an  appropriate  equation  of  state,  the  right- 
hand  member  of  equation  (2)  can  be  obtained  as  a  pressure  function 
with  numerical  coefficients  and  the  equation  can  then  be  integrated. 
In  practice  this  method  suffers  from  the  disadvantage  that  there  are 
very  few  gases  for  which  p-t>-T  data  are  known  with  sufficient 
accuracy,  and  the  acquisition  of  such  data  is  a  difficult  and  tedious 
undertaking. 

In  the  absence  of  more  exact  information,  it  is  however,  convenient 
to  remember  that  as  a  first  approximation  for  moderate  pressures 
the  following  equation,  obtained  by  operating  upon  the  Beattie- 
Bridgeman  equation  of  state, 1  may  be  employed 

in  which  A  and  c  are  constants  appearing  in  the  equation  of  state. 

2.  THE  ADIABATIC  JOULE-THOMSON  METHOD 

In  this  method  T^^^J  *s  evaluated  as  a  pressure  function  with 
the  aid  of  measured  pv  values  at  the  temperature  T  or,  failing  these, 
with  the  aid  of  an  equation  of  state,  and  yj^J  r  obtained  from  the 
thermodynamic  relation 

»  J.  A.  Beattie,  Phys.  Rev.,  vol.  32,  p.  699,  1928. 
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in  which  n  is  the  Joule-Thomson  coefficient  and  Cp  the  heat  capacity 
at  constant  pressure.    Both  n  and  Cp  are  pressure  functions. 

This  method  also  suffers  from  the  disadvantage  that  reliable  n 
values  are  available  only  for  two  or  three  gases  and  the  technic  of 
obtaining  them  is  exceedingly  difficult.  From  the  standpoint  of 
attainable  accuracy,  however,  the  method  is  perhaps  superior  to  the 
p-t>-T  method,  especially  at  temperatures  remote  from  room  tem- 
perature. 

3.  THE  ISOTHERMAL  JOULE-THOMSON  METHOD 

This  method  differs  from  the  preceding  one  only  in  that  the  product. 
fi  CPf  is  determined  calorimetrically  by  supplying  measured  electrical 
energy  at  such  a  rate  as  to  compensate  for  the  temperature  drop 
which  occurs  in  the  classical  Joule-Thomson  experiment.  The  experi- 
mental technic  of  this  "isothermal  porous-plug  experiment"  has  only 
recently  been  developed  to  the  point  where  the  method  gives  promise 
of  yielding  valuable  and  reliable  results.2 


Since  All  is  an  energy  quantity,  the  method  of  measuring  it 
directly  with  the  aid  of  a  calorimeter  would  at  first  sight  appear  to  be 
the  most  convenient  and  accurate  one  to  employ.  With  the  excep- 
tions noted  below,  however,  attempts  to  employ  this  method  have 
failed  to  give  results  of  sufficient  accuracy.  The  chief  difficulty 
appears  to  arise  from  the  energy  effects  associated  with  the  changes 
in  stress  on  the  walls  of  the  containing  vessel. 

One  simple  method  of  carrying  out  the  calorimetric  determination 
is  to  determine 


where  BAv  is  the  work  done  against  the  atmosphere  when  the  gas 
contained  in  a  bomb  is  allowed  to  expand  isothermally  from  the 
initial  pressure  p  to  the  barometric  pressure  B,  or  in  general  to  any  low 


pressure  P  such  that  for  all  lower  pressures  the  integral  |   (  ^-  )  dp 


is  calculable  or  is  negligibly  small. 

In  this  form  the  method  has  been  used  by  Douglas 3  to  determine 
the  total  energy  change  accompanying  the  evaporation  of  a  liquefied 
gas,  and  by  Bennewitz  and  Andreewa 4  to  determine  U  as  a  function 
of  p  for  gases  in  the  neighborhood  of  the  critical  point.  In  both  of 
these  investigations  the  value  of  AC/  was  a  comparatively  large  quan- 
tity, and  great  refinement  of  calorimetric  technic  was  not  required  in 
order  to  obtain  a  fair  percentage  accuracy.  For  temperatures  far 
above  the  critical  temperature,  however,  AU  is  a  small  quantity, 
calorimetric  technic  of  high  precision  is  required  and  the  contribution 
of  the  containing  vessel  to  the  total  heat  effect  can  not  be  ignored. 

'Smi  (•)  F.  O.  Keyes  and  S.  C.  Collins,  Proc.  Nat.  Acad.  Scl.,  vol.  18,  p.  328,  1832;  (»)  A.  Euckao,  K. 
Clusias,  and  W.  Bcrgcr,  Z.  tech.  Phyisiek,  vol.  13,  p.  267,  193*. 
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IV.  THE  CALORIMETRIC  TECHNIC 

The  gas  to  be  investigated,  compressed  into  a  suitable  bomb,  is 
immersed  in  a  constant  temperature  bath  at  the  temperature  T. 
When  temperature  equilibrium  has  been  established,  the  pressure  p 
in  the  bomb  is  measured,  the  valve  is  closed,  the  bomb  is  removed 
from  the  bath  and  weighed  to  determine  the  mass  of  the  contained 
gas.  The  bomb  is  then  transferred  to  the  calorimeter  and  its  outlet 
connected  to  a  long  coil  of  metal  tubing  which  is  likewise  immersed 
in  the  calorimeter.  When  equilibrium  has  been  established  in  the 
calorimeter,  observations  are  started  and  the  time-temperature  fore- 
period  accurately  established.  The  valve  of  the  bomb  is  now  opened 
gradually  and  the  gas  escapes  through  the  long  coil,  which  is  so  de- 
signed as  to  bring  the  gas  to  the  calorimeter  temperature  and  to 
barometric  pressure  before  it  escapes  into  the  atmosphere.  Coinci- 
dent with  this  operation  and  throughout  its  course,  measured  elec- 
trical energy  is  added  to  the  calorimeter  at  such  a  rate  as  to  maintain 
the  temperature  constant.  When  the  pressure  in  the  bomb  has  fallen 
to  atmospheric,  the  electrical  heat  is  cut  off  and  the  calorimetric 
after-period  is  accurately  determined.  The  heat,  Q,  of  the  process 
is  now  calculable  as  is  also  the  work  done  against  the  atmosphere,  and 
from  equation  (5)  the  quantity  AC/]*  is  then  obtained. 

The  contribution  of  the  bomb  itself  to  the  observed  heat  effect  can, 
for  a  properly  designed  bomb,  be  computed  as  explained  below  or  it 
may  be  eliminated  by  standardizing  the  operation  with  a  gas  for  which 
accurate  &U  values  are  available. 

V.  THE  ENERGY  CONTENT  OF  THE  BOMB  AS  A  FUNCTION 

OF  THE  PRESSURE 

The  bomb  itself  is  an  elastic  system  and  its  intrinsic  energy  changes 
with  the  tension  on  its  walls.  Unlike  the  gas,  however,  it  may  not 
return  promptly  to  its  original  energy  state  on  release  of  the  tension, 
but  instead  may  exhibit  a  lag. 

For  this  reason  it  is  desirable  (1)  to  design  a  bomb  for  which  the 
change  of  intrinsic  energy  with  pressure  shall  be  as  small  as  possible, 
and  (2)  to  suitably  anneal  the  bomb  and  to  age  it  by  subjecting  it  to  a 
number  of  cycles  of  extension  and  contraction  by  repeated  filling  and 
emptying  with  compressed  gas. 

Since  the  bomb  is  itself  an  elastic  system  the  following  thermo- 
dynamic relation  analogous  to  equation  (2)  is  applicable 

in  which  p>  is  the  internal  pressure,  vt  the  internal  volume,  B  the 
constant  external  barometric  pressure,  and  v,  the  exterior  or  bulk 
volume.    Assuming  the  approximations 

both  independent  of  the  pressure,  and  integrating  gives 
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in  which  a  is  the  linear  coefficient  of  thermal  expansion  of  the  ma- 
terial composing  the  bomb. 

For  a  cylindrical  steel  bomb  with  hemispherical  ends,  a  wall  thick- 
ness of  1 .65  mm  and  a  capacity  of  about  1  1.  (^r*- )       was  found  to 

be  constant  and  equal  to  39  X 10"*  1/atm.,  for  stresses  well  within  the 
elastic  limit. 

For  pft=  50  atm.  and  B=l  atm.  we  have  therefore  at  300°K. 

„  4Q2 

A  X  39  X  10"6+  3  X  1 1  X  lO"6  X 1  X  300  X  49  1-atm.  (8) 

•=4.74  +  49.16  =  53.9  j  (9) 

If  the  contained  gas  is  air  at  50  atm.  it  will  give  -  A£/]¥  =  560  j 
approximately.  The  contribution  of  the  bomb  therefore  amounts  to 
about  10  per  cent  of  intrinsic  energy  change  of  the  gas  and,  if  the 
bomb  is  slow  in  returning  to  its  original  energy  state,  its  contribution 
can  not  in  practice  be  calculated  with  sufficient  accuracy. 

Now  the  first  term  in  equation  (9)  is  a  work  term,  and  the  quantity 

(^r*}  can  De  directly  measured  with  sufficient  accuracy  by  immers- 

\OPb/T 

ing  the  filled  bomb  in  a  constant-temperature  volumeter  and  releasing 
the  pressure.  For  a  steel  bomb  no  appreciable  lag  is  observed  in  this 
quantity.  The  lag  therefore  affects  only  the  second  term  which  is  the 
larger  of  the  two.  This  term  can  be  materially  reduced  by  construct- 
ing the  bomb  of  a  material  having  a  low  coefficient  of  thermal  expan- 
sion. Thus  if  a  suitable  invar  steel  is  selected  for  this  purpose, 
equation  (9)  for  the  same  conditions  becomes 

A  Uf{  =  4.74  +  4.92  «  9.7  j  (10) 

The  total  bomb  contribution  will  now  be  only  1.7  per  cent  of  the  gas 
effect  and  that  part  of  it  which  is  affected  by  lag  will  be  less  than  1 
per  cent  and  the  uncertainty  arising  from  the  lag  will  be  a  negligible 
quantity  in  comparison  with  the  other  errors  of  measurement. 

VI.  EFFECTS  OF  ADSORPTION 

In  all  experimental  work  involving  p-v-T  or  energy  relations  of 
gases  the  influences  of  adsorbed  gas  on  the  walls  of  the  containing 
vessel  must  be  considered.  These  influences  are  usually  measured 
and  eliminated  by  a  series  of  experiments  with  different  areas  of 
exposed  surface  in  contact  with  the  gas.  In  the  present  instance 
such  experiments  can  be  readily  made  oy  placing  wire  or  foil  (of  the 
same  material  as  the  bomb)  inside  the  bomb  m  order  to  increase 
the  area  of  metal  surface  exposed.  Since,  however,  in  the  present 
method  the  pressure  of  the  gas  does  not  fall  below  atmospheric 
during  the  experiment,  the  adsorbed  gas  which  leaves  the  walls  of 
the  bomb  is  only  the  small  and  probably  negligible  amount  which 
becomes  adsorbed  when  the  pressure  is  raised  from  1  atmosphere  to  the 
initial  pressure  pb. 


Digitized  by  Google 


526  Bureau  of  Standards  Journal  oj  Research  i  vu.  9 

VII.  THE  TEMPERATURE  COEFFICIENT  OF  UT 

For  correcting  the  calorimetric  determinations  to  a  common  tem- 
perature or  for  reducing  a  measured  value  at  one  temperature  to  a 
neighboring  other  temperature,  it  is  convenient  to  remember  that  the 
small  temperature  coefficient  can  be  approximately  obtained  by 
differentiating  equation  (3)  which  gives 


100  rf(AlT)    -  100T,  ^  c   rrJ  Ao  ,  3c 


l  +  6cT3(|f,+  ^)]  (ID 


Thus  for  Oj  at  25°  C.  this  equation  gives  0.4  per  cent  per  degree. 

VIII.  PRECISION  DISCUSSION 
In  equation  (5)  the  work  done  by  the  expanding  gas  will  be 

\V~Kto)-Bv-Bvi=  ^RT(l  +  fiTB)  -  Bvt  (12) 

and  equation  (5)  may  be  written 

d-ty)**™*'**]-*,  (13) 

in  which  m  is  the  mass  of  gas  contained  in  the  bomb  of  volume  vt  at 
the  pressure  j>  and  temperature  T,  R  is  the  gas  constant,  M  the  molec- 
ular weight  of  the  gas,  0T  is  a  small  coefficient  expressing  the  devia- 
tion from  the  perfect  gas  law  at  atmospheric  pressure  and  T°K,  B  is 
the  prevailing  barometric  pressure,  and  J{p)  is  the  value  of  AC/? 
for  1  g  of  the  gas  at  T°K. 

Using  the  value  of  A£/]i=/(i>)  for  air,  one  can  compute  the  pre- 
cision required  in  each  measured  quantity  in  order  to  obtain  a  desired 
precision  in  the  quantity  A  £7  for  this  gas.  If  we  take  <  =  25°  C, 
0,  =  1  liter  and  assume  an  allowable  error  of  0.25  cal.  from  each 
measured  quantity,  we  obtain  the  results  shown  in  the  following 
table. 
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Tablb  1.— Error  in  each  measured  quantity  which  produces  an  error  of  0.26  cal.  in 

the  quantity  &U]lp 


M7  ]^  (air*t25°<\),cal. 


.iitm. 
do... 


fr.  

14  r. .... 





 1. 

..cm  3. 


m. 


---tt. 
.nig. 


{." 

  mm  Hj?. 

[i*    do.... 

jK,^,,,,^,^^,..... ...  ...........|.. 

itr  do.... 


Stirring  energy  cal.. 

100  S  (S.  E.)/  (S.  E.)  per  cent.. 


{if'. 


.do. 


ffir   ----  -  aim.-'.. 

[60r   do.... 


22.0 

50.0 

89.2 

- 

139 

20 

30 

40 

60 

v.  — — 

U.  it 

r 

O  11 

a  no 
o.  w 

1 

I  i  j 
1 

1 

1 

'ill 

in 

« 1  ■  >  ■ 

24 

36 

11 
*  * 

1 1 

1? 

5? 

760 

700 

760 

760 

8.2 

8.4 

8.6 

tf.l 

757 

1,048 

1,348 

0.0030 

0.0036 

0.0036 

0.0036 

.0001 

.0001 

.0001 

.0001 

10 

10 

10 

10 

2.5 

2.5 

2.5 

2.5 

2V8 

2U8 

208 

21rf8 

.16 

.11 

.08 

.06 

.00037 

.00037 

.00037 

.00037 

.0005 

.0003 

.0003 

.0002 

Of  the  items  shown  in  the  table,  Nos.  2,4, 7,  and  8  can  be  eliminated 
as  sources  of  error  since  they  can  obviously  be  easily  measured  with 
much  more  than  the  required  accuracy. 

Item  1 . — For  the  pressure  measurements  a  good  calibrated  Bourdon 
gage  could  be  employed  for  pressures  up  to  50  atm.  At  higher 
pressures  a  more  accurate  method  of  measuring  the  pressure  would 
be  required.* 

Item  8. — In  the  mass  determination,  somewhat  more  than  the 
required  accuracy  can  be  easily  obtained  with  a  liter  bomb  and  with 
a  balance  sensitive  to  a  few  milligrams  under  loads  up  to  2  kg. 

Item  5. — In  determining  the  electrical  energy  required  to  equalize 
the  cooling  effect  of  the  expanding  gas  no  significant  errors  will  be 
made  in  measuring  the  actual  energy  input  employed.  The  total 
error  from  this  source  will  be  determined  by  the  accuracy  of  the 
temperature  control  during  the  experiment  and  the  accuracy  in 
determining  the  small  difference  between  the  initial  and  final  equili- 
brium temperatures.  The  value  of  6  t  shown  in  the  table  represents 
the  permissible  integrated  average  temperature  difference  between 
the  calorimeter  and  the  jacket  during  the  experiment,  assuming  a 
reaction  time  of  10  minutes  and  an  over-all  heat-transfer  coefficient 
of  7.2  cal.  min.~l  °  C.~l.  The  value  S  t'  represents  the  accuracy  with 
which  the  difference  between  the  initial  and  final  temperatures  must 
be  known  with  a  calorimeter  having  a  water  equivalent  of  2,500  g. 

Item  6. — An  efficient  stirrer  will  supply  energy  to  the  calorimeter 
at  the  rate  of  about  1  cal.  per  minute.  For  an  allowable  error  of  not 
more  than  0.25  cal.  from  this  source  it  is  obvious  that  throughout 
the  period  of  the  experiment  (30  minutes)  the  stirring  power  should 
be  constant  within  ±2.5  per  cent. 

From  the  foregoing  discussion  it  appears  that  it  should  be  possible 
without  much  dtfnculty,  to  determine  the  quantity  At/]i  for  1  liter  of 


»  The  necessity  of  employing  a  pressure  gauge  can  be  dispensed  with,  if  desired,  by  the  use  of  twin 
See  Washburn,  B.  8.  Jour.  Research,  vol.  9,  p.  271,  1932. 
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gas  with  an  error  of  less  than  1  cal.  A  forthcoming  paper  by  Rossini 
and  Frandsen  describes  some  experimental  results  obtained  by  the 
method. 

In  conclusion,  it  may  be  noted  that  by  combining  the  calorimetric 
value  for^^^with  the  calorimetric  value  for  /x  Cp,both  p  ^gjj^and 

^(sr)  can  ke  directly  obtained,  if  the  volume  is  known,  and  this  is 

probabfy  the  most  accurate  method  of  determining  these  two 
coefficients. 

Washington,  August  3,  1932. 


■ 


Digitized  by  Google 


RP488 

THE  PHOTOGRAPHIC  EMULSION;  VARIABLES  IN 

SENSITIZATION  BY  DYES 

By  B.  H.  Carroll  and  Donald  Hubbard 


ABSTRACT 

These  experiments  were  designed  to  test  the  effect  of  independent  variables  in 
the  emulsion  on  the  relative  spectral  sensitization  by  a  given  dye  in  a  given  emul- 
sion. Four  typical  dyes  representing  four  series  were  used  in  combination  with 
emulsions  of  different  types.  Relative  spectral  sensitivity  increased  slowly  with 
the  concentration  of  dye.  In  agreement  with  Sheppard,  it  was  found  that  the 
relative  spectral  sensitivity  was  little  affected  by  the  formation  of  sensitivity 
nuclei  (from  allyl  thiocarbamide,  for  example)  which  greatly  increased  the  abso- 
lute sensitivity  to  any  wave  length.  Increased  alkalinity  increased  relative 
spectral  sensitivity  by  an  extent  which  depended  on  the  dye.  Increased  silver 
ion  concentration  generally  increases  sensitization  by  any  dye,  but  there  arc 
differences  between  individual  dyes  which  may  be  explained  on  the  hypothesis 
that  spectral  sensitization  depends  on  adsorption  of  the  ion  of  the  dye  by  the 
oppositely  charged  ion  of  the  silver  halide  lattice;  changes  in  adsorption  of  basic 
dyes  may  be  sufficient  to  counteract  the  general  trend  at  sufficient  excess  of  silver. 
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I.  INTRODUCTION 

The  spectral  sensitivity  of  a  given  photographic  material  in  either 
absolute  or  relative  terms  is  generally  recognized  to  depend  both  on 
the  dye  or  dyes,  and  on  the  emulsion.  The  many  variables  in  the 
emulsion  which  influence  the  sensitization  by  the  dye  may  be  divided 
into  those  which  are  characteristic  of  the  particular  emulsion,  such  as 
the  grain  size  and  proportion  of  iodide,  and  those  which  may  readily 
be  varied  in  a  given  dye-emulsion  combination,  such  as  the  silver  and 
hydrogen  ion  concentrations.  This  paper  will  be  primarily  concerned 
with  the  latter  group  of  variables.  While  it  is  not  possible  to  draw  a 
sharp  distinction  between  these  variables  and  those  characteristic  of 
the  emulsion  and  dye,  a  study  of  the  more  general  variables  of  sensiti- 
zation will  make  it  easier  to  distinguish  characteristics  of  individual 
emulsions  by  comparing  them  under  constant  conditions.  The  process 
of  hypersensitization  (1)  (2) 1  must  obviously  be  connected  with  varia- 
tion of  conditions  in  a  given  dye-emulsion  combination.  This  will  be 
treated  in  full  in  a  separate  communication;  a  preliminary  report  (3) 
has  already  been  made,  using  some  of  the  data  in  this  paper. 

>  Numbers  in  parentheses  here  and  throughout  the  text  refer  to  the  list  of.  taforencfts  at  the  end  of  the  paper . 
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The  experimental  methods  used  in  this  investigation,  including 
emulsion  making,  sensitometry,  and  determination  of  bromide  ion 
concentration,  have  been  described  for  the  most  part  in  previous 
communications  (4)  (5).  Emulsion  formulas  followed  the  types 
described  in  one  of  these  references  (4)  and  will  be  designated  by  the 
same  letters;  full  details  are  available  to  any  interested  parties.  A 
measure  of  the  added  spectral  sensitivity  conferred  by  the  dyes  was 
obtained  with  the  sector  wheel  sensitometer,  inserting  an  appropriate 
filter  between  the  light  source  and  plate  in  addition  to  the  Davis- 
Gibson  filter  used  for  correction  of  the  incandescent  source  to  sun- 
light quality.  A  Wratten  "Minus  Blue"  (No.  12)  filter  was  most 
commonly  used,  as  it  gives  approximately  the  total  sensitivity  to  all 
wave  lengths  longer  than  those  absorbed  by  the  silver  bromide; 
absorption  by  the  niter  is  not  over  15  per  cent  in  the  region  of  sensitiza- 
tion by  any  of  the  dyes  except  pinaflavol.  This  general  method  does 
not  determine  the  relative  spectral  sensitivity,  but  it  is  the  most 
accurate  means  available  for  comparison  of  the  sensitization  produced 
by  a  given  dye  under  varying  conditions. 

Four  dyes  were  used  in  the  investigation,  each  representing  a 
different  type.  Erythrosin,  which  is  the  only  acid  dye  in  common 
use  as  a  sensitizer,  was  included  because  it  was  important  to  have 
an  acid  dye  for  comparison  with  the  basic  sensitizers.  It  is  soluble 
in  water  in  concentrations  much  higher  than  those  used  in  emulsions 
and  ionizes  into  the  colorless  positively  charged  sodium  ion,  and  the 
negatively  charged  ion  of  the  acid  tetraiodofluorescein.  The  other 
three  dyes  are  basic,  and  ionize  into  colorless  iodide  or  chloride  ions, 
and  positively  charged  ions  of  the  corresponding  complex  nitrogen 
bases.  They  represent  three  distinct  types — pinacyanol  is  a  carbo- 
cyanine  (6);  pinaverdol  an  isocyanine  (6);  and  pinaflavol,  a  newer 
type  which  has  not  been  assigned  a  general  name  (7).  The  first  two 
are  very  insoluble  in  water,  being  completely  extracted  from  it  by 
solvents  such  as  chloroform,  and  their  suspensions  are  readily  floc- 
culated by  electrolytes,  especially  halides,  while  pinaflavol  does  not 
show  these  colloidal  characteristics  and  apparently  forms  true  solu- 
tions in  water  at  low  concentrations.  However,  even  the  insoluble 
dyes  may  be  considered  as  colloidal  electrolytes,  as  they  appear  to  be 
highly  dissociated ;  the  iodide  ion  in  any  of  these  dyes  may  be  titrated 
electrometrically  with  silver  nitrate  giving  values  corresponding 


The  basic  dyes  were  commercial  products,  used  without  further 
purification;  the  pinacyanol  was  the  chloride  of  its  base,  the  others 
iodides.  The  erythrosin  used  in  these  experiments  had  been  prepared 
from  an  old  sample  of  a  Kahlbaum  product  by  precipitation  of  the 
acid  and  recrystallization  of  the  sodium  salt  made  from  it.  It  was 
recently  found  to  be  low  in  iodine,  the  acid  containing  26.5  per  cent 
instead  of  60.75  per  cent  theoretical  (8);  apparently  considerable  loss 
had  occurred  on  storage,  with  resulting  formation  of  fluorescein. 
Photographic  comparison  with  a  known  sample  of  pure  erythrosin 
received  from  the  color  laboratory,  Bureau  of  Chemistry  and  Soils, 
showed  that  it  produced  its  maximum  sensitization  in  exactly  the 
same  spectral  region  as  the  pure  dye,  but  in  about  half  the  proper 
intensity,  and  that  there  was  faint  sensitization  at  shorter  wave 
lengths  corresponding  to  that  produced  by  fluorescein.  Fortunately 
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this  contamination  by  the  parent  acid  dye  does  not  affect  our 
conclusions. 

The  dyes  were  normally  added  to  the  emulsions  just  before  coating, 
in  the  form  of  dilute  solutions;  the  alcoholic  stock  solutions  of  the 
basic  dyes  were  diluted  further  with  water  to  avoid  coagulation  of 
gelatin  on  contact  with  the  alcohol.  In  all  cases,  the  dye  was  added 
to  the  liauid  emulsion  before  coating;  none  of  the  following  experiments 
deal  with  sensitization  by  bathing  finished  plates. 

II.  CONCENTRATION  OF  DYES 

The  concentration  of  a  given  dye  in  an  emulsion  is  reported  to  have 
an  optimum  value  (9),  but  no  quantitative  data  are  available.  Eder 
believed  that  the  sensitivity  fell  off  after  passing  through  the  maxi- 


-5 


-4.5  -4 

Log  molar  ratio  of  dye  to  Ag  Br 

Figure  1. — Effect  of  concentration  of  dye  on  spectral  sensitization 


O,  Pinacyanol. 
X,  Pinaverdol. 


.  Pinaflavol. 
A  Krythrosin. 


mum  because  of  filter  action  by  the  dye.  With  any  of  the  basic 
sensitizers  used  in  these  experiments  the  upper  limit  seems  to  be  set 
rather  by  the  tendency  of  the  dye  to  cause  fog. 

The  data  illustrated  in  Figure  1  indicate  that  within  the  range  of 
concentrations  tested,  which  covers  the  normal  values  for  these  dyes, 
the  sensitization  by  the  dye  increases  slowly  with  its  concentration. 
The  emulsions  used  in  these  experiments  were  of  the  neutral  (type  C, 
reference  (4))  type  with  4.0  mol  per  cent  Agl,  and  were  coated  at  a 
bromide  ion  concentration  0.9  to  1.1  X  10"4  ami  pH  7.1  to  7.3.  Speeds 
were  in  all  cases  measured  by  exposure  through  the  Minus  Blue 
filter.2  Speed  numbers  were  somewhat  dependent  on  development 
time,  and  were,  therefore,  compared  by  interpolating  the  value  cor- 

>  Absorption  by  this  filter  was  not  taken  into  account  in  calculating  the  speed  numbers,  since  relative 
values  only  were  involved. 
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responding  to  7=1.0  from  plots  of  speed  against  y  for  each  case. 
The  contrast  of  the  emulsions  was  not  appreciably  affected  by  the 
concentration  of  dye.  The  data  are  plotted  on  a  logarithmic  scale 
for  compactness;  concentrations  have  been  reduced  to  the  common 
basis  of  the  molar  ratio  of  dye  to  silver  bromide.3 

The  slopes  of  the  curves  for  pinaflavol  and  pinacyanol  sensitization 
are  larger  than  those  for  the  other  two  dyes.  This  does  not  correspond 
to  any  classification  of  dyes;  correlation  with  the  adsorption  01  the 
dyes  on  silver  bromide  may  be  possible  when  data  are  available. 

III.  AFTER-RIPENING 

After-ripening  an  emulsion,  either  with  the  sensitizers  naturally 
occurring  in  gelatin  or  with  known  materials,  such  as  allyl  thiocarba- 
mide,  can  produce  a  large  increase  in  sensitivity,  which  is  not  associ- 
ated with  change  in  CTain  size,  and  which  can  be  quite  definitely 
ascribed  to  the  formation  of  sensitivity  nuclei.  The  relation  of  this 
effect,  which  we  may  call  nuclear  sensitization,  to  spectral  sensitiza- 
tion by  dyes,  is  of  obvious  importance.  Sheppard  (10)  has  briefly 
described  experiments  on  this  subject.  An  emulsion  was  made  up 
with  inert  gelatin,  and  portions  of  it  were  sensitized  with  erythrosin, 
pinacyanol  and  a  green  sensitizer  not  specifically  named.  Another 
emulsion  was  made  up  with  active  gelatin  so  as  to  give  the  same  mean 
grain  size  and  the  same  size-distribution,  and  portions  sensitized  in  the 
same  way.  It  was  found  that  for  each  dye,  the  ratios  of  red  or  green 
sensitivity  to  the  blue- violet  sensitivity  (that  is,  for  those  wave  lengths 
absorbed  by  the  silver  halide)  were  "substantially  the  same"  in  the 
two  emulsions.  The  relative  spectral  sensitivity  of  an  emulsion  was, 
therefore,  found  to  be  practically  independent  of  the  formation  of 
nuclei.  This  conclusion  is  so  important  that  it  was  tested  under  a 
variety  of  conditions. 

It  is  necessary  to  present  the  results  in  tabular  form,  because  on 
comparing  the  undigested  and  digested  portions  of  an  emulsion 
made  with  active  gelatin  there  are  found  differences  both  in  speed 
and  contrast.  The  same  applies  to  portions  of  an  emidsion  made 
with  inert  gelatin  and  digested  with  and  without  a  nuclear  sensitizer. 

Table  1  presents  the  data  for  an  emulsion  made  with  relatively 
inert  gelatin  (prepared  by  digesting  an  active  gelatin  with  ammonia 
and  then  washing  very  thoroughly).  After  washing,  the  emulsion 
was  divided  in  halves,  to  one  of  which  was  added  a  trace  of  sodium 
thiosulphate.  After  digestion,  each  half  was  divided  into  four  por- 
tions; one  was  left  unsensitized  and  the  other  three  sensitized  with 
three  different  dyes.  It  is  impossible  to  express  the  resulting  differ- 
ences by  single  numbers.  The  contrast  was  changed  both  by  the 
thiosulphate  and  the  dyes;  of  the  three  dyes,  pinacyanol  produced 
much  the  strongest  effect.  Furthermore,  the  relation  between  speed 
number  and  time  of  development  was  changed  by  both  types  of  sensi- 
tization. However,  we  may  state  with  confidence  that  the  increase 
in  sensitivity  to  the  longer  wave  lengths  was  less  than  the  increase 
in  total  sensitivity  (to  white  light).  In  this  emulsion,  the  sensi- 
tivity to  wave  lengths  transmitted  by  the  Minus  Blue  filter  was  a 


*  The  molecular  weights  used  for  this  purpose  were:  Plnacvftnol,  412;  pinaverdol.  501;  pinaflavol, 
erythrosin,  8«f.  The  ooncentrfitions  are  of  the  order  of  ft  few  mlUiKmrns  of  dye  per  liter  of  emulsion  con- 
taining 40  to  45  g  of  silver  bromide. 
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small  fraction  of  the  total,  so  that  white  light  and  blue  light 
tivitie9  were  equivalent  within  the  necessary  limits  of  accuracy. 

Table  1. — Effect  of  nuclear  sensitization,  by  MjaSjOj,  on  sensitization  by  dyes 

(Neutral  type  emulsion,  4  per  cent  Agl  (4-108)  coated  at  pH  6.4.  [Br-]  0X10-*;  half  of  emulsion  sensitited 
with  NaiSiOi  sufficient  to  convert  2  parts  AgBr  per  100,000  to  AgiSJ 
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Similar  experiments  with  other  emulsions  and  two  of  the  dyes  are 
recorded  in  Table  2.  These  emulsions  had  finer  grain  and  lower 
iodide  content,  which  probably  accounts  for  the  much  better  ratio  of 
red  or  green  sensitivity  to  blue  sensitivity.  This  ratio  was  unchanged 
or  somewhat  decreased  on  increasing  the  total  sensitivity  by  thio- 
carbamide  sensitization. 

The  emulsions  listed  in  Table  3  were  made  with  active  gelatin, 
and  compared  with  and  without  digestion  after  washing.  The 
variation  in  sensitivity  nuclei  in  this  case  was  obtained  by  varying 
the  completeness  of  the  reaction  with  the  available  sensitizing  com- 
pounds, instead  of  by  varying  the  quantity  of  the  latter.  The  results 
are  very  similar  to  those  obtained  with  the  pure  sensitizing  com- 
pounds. The  relative  sensitivity  to  longer  wave  lengths  was  appre- 
ciably decreased  by  the  after-ripening,  although  the  absolute  value  of 
sensitivity  to  red  or  green  increased  two  or  more  times. 

These  last  experiments  also  included  the  behavior  of  the  dye  when 
present  during  digestion.  Two  portions  of  emulsion  were  digested 
under  conditions  identical  except  that  the  dye  was  added  before 
digestion  to  one,  and  after  digestion  (the  usual  procedure)  to  the 
other.  The  sensitization  by  erythrosin  was  less  when  it  was  present 
during  digestion  than  when  it  was  added  afterward  (just  before 
coating);  pinacvanol  was  more  effective  under  the  former  conditions, 
while  pinaflavol  was  about  the  same. 
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Table  2. — Effect  of  nuclear  sensitization,  by  allyl  thiocarbamide,  on  sensitization 

by  dyes 

[Neutral  emulsion  (4-48),  1  per  cent  Agl,  coated  at  pH  7.5.  Br-1.3X10-»:  ammonia  process  emulsion 
(1-153),  1  per  cent  Agl,  coated  at  pH  8.3,  Bi~1.3X10~*.  Half  of  each  emulsion  sensitized  with  allyl  thio- 
carbamide  sufficient  to  convert  8  parts  AgBr  per  million  to  AriS.  "A"  red  filter  used  for  exposure  of 
pinacyanol  sensitized  batches;  minus  blue  (yellow)  alter  for  others] 
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i  White  light  exposures  substituted  for  blue  because  of  low  speeds. 
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Figure  2. — After-ripening  with  and  without  erythrosin  in  the  emulsion 


.  With  dye. 


X  Comparison  of  sj>eed  for 
stages  of  digestion. 


O  Without  dye. 
 Fog. 

to  white  light  and  through  Minus  Blue  filter  at  varying 


The  data  in  Table  3  on  sensitivities  to  white  light  show  that  the 
after-ripening  was  materially  retarded  by  the  presence  of  erythrosin 
during  digestion,  while  the  other  two  dyes  had  less  effect.  Eder  (11) 
observed  that  some  dyes  prevented  fog  when  present  during  ripening. 


Digitized  by  Google 


ittlitef  J  The  Photographic  Emulsion  535 

Luppo-Cramer  (12)  has  found  that  in  Lippman  emulsions  erythrosin 
and  other  sensitizing  dyes  can  produce  a  striking  retardation  of  the 
whole  ripening  process,  and  that  in  normal  emulsions  erythrosin 
present  during  digestion  retards  after-ripening  (13).  After-ripening  » 
being  essentially  a  surface  change  in  the  grains,  it  is  not  surprising 
that  it  is  influenced  bv  the  adsorption  of  a  foreign  material.  Further 
data  were  obtained  by  a  slightly  different  procedure.  Emulsions 
were  divided  into  halves,  which  were  digested  at  the  same  tempera-, 
ture  and  silver  ion  concentration,  one  with  and  one  without  a  sensi- 
tizing dye.  The  results  are  plotted  in  Figures  2  and  3  as  speeds  (at 


0      ~  30  60  90  120 

minutes        digestion     at  ss*  and 
speed  for  exposure  through  minus  blue  filter 


Figure  3. — After-ripening  with  and  without  pinacyanol  in  the  emulsion 

.  With  dye.  O  Without  dye. 

 Speed.   Fog. 

X  Comparison  of  speed  for  exposures  to  white  light  and  through  Minus  Blue  niter  at  varying 

Mage*  of  digestion. 

7=1.5)  for  white  light  exposures  against  time  of  digestion.  On  the 
same  sheet  the  speeds  (at  7=  1.5)  for  exposures  through  the  Minus 
Blue  filter  are  plotted  against  the  white  light  speeds.  The  latter 
curve  would  be  a  straight  line  if  the  relative  spectral  sensitivity  were 
unchanged  by  the  after-ripening.4  The  curvature  indicates  that  it  is 
slightly  increased.    The  other  curves  show  that  the  rate  of  after- 

♦  In  both  figures,  this  curve  Intercepts  the  boritontal  axis  at  a  small  positive  value  of  "speed  for  exposure 
through  Minus  Blue  filter,"  as  the  speed  of  the  unsensitiied  emulsion  did  not  fall  Quite  to  zero  on  exposure 
through  the  Minus  Blue  filter. 

137718—32  6 


Digitized  by  Google 


536 


Bureau  of  Standards  Journal  of  Research 


ripening  was  divided  by  about  four  when  erythrosin  was  present. 
Pinacyanol  approximately  halved  the  rate.  Both  dyes  also  retarded 
the  growth  of  fog.  In  both  figures,  the  slope  of  the  curve  of  fog 
against  digestion  time  is  less  for  the  portion  digested  with  dye  than 
for  the  one  digested  without  it.  The  effect  is  less  noticeable  in 
Figure  3  because  the  fog  density  at  any  time  was  increased  by  the 
addition  of  pinacyanol,  although  the  rate  of  increase  with  time  was 
less.  The  data  m  Table  3  also  show  that  the  fog  for  the  portion 
digested  with  pinacyanol  was  less  than  for  the  one  to  which  the  same 
amount  of  dye  was  added  after  digestion. 

Table  3. — Effect  of  after-ripening  (fiy  digestion)  on  sensitization  by  dyes 

[Neutral  emulsions  4-50  aod  4-61;  2M  per  cent  Agl,  with  subsequent  ammonia  ripening;  coated  at  pH  9 
Br~  1.2X10-1.  Red  niter  used  for  exposure  of  pinacyanol  sensitized  batches;  yellow  filter  for  others] 
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IV.  HYDROGEN  ION  CONCENTRATION 

There  is  little  in  the  literature  to  indicate  the  effect  of  hydrogen  ion 
concentration  of  the  emulsion  on  the  effectiveness  of  sensitization  by 
dyes.  All  the  basic  sensitizing  dyes  known  to  the  writers  may  be 
decolorized  by  a  moderate  hydrogen  ion  concentration  and  in  some  of 
the  classes,  notably  the  isocyanines  (14)  (15),  this  occurs  within  the 
range  which  might  be  encountered  in  emulsions.  The  sensitizing 
properties  would  obviously  be  expected  to  diminish  with  the  color. 
Approximate  tests  with  the  dyes  used  in  these  experiments  showed  that 
pinaverdol  is  appreciably  decolorized  by  pH  less  than  7,  and  is  almost 
completely  decolorized  by  pH  5.  Pinacyanol  and  pinaflavol  did  not 
fade  appreciably  at  pH  5.4;  the  decolonization  was  barely  perceptible 
at  4.2,  and  not  complete  at  2.  Erythrosin  has  an  appreciable  shift  in 
hue  to  the  yellow,  beginning  about  pH  5.4;  the  acid  is  mostly  pre- 
cipitated at  pH  3. 

The  experimental  results  are  presented  in  Figures  4  and  5,  the  loga- 
rithm of  the  speed  through  the  Minus  Blue  filter  (at  7=1.5)  being 
plotted  against  pH.  For  comparison,  the  logarithm  of  the  speed 
(to  white  light)  of  unsensitized  portions  of  the  emulsions  sensitized 
with  pinacyanol  is  also  plotted  in  Figure  4.  The  emulsions  were  all 
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digested  after  washing  and  before  adding  the  dyes,  under  the  same 
conditions  of  temperature,  silver  ion  concentration  and  pH,  and  the 
pH  was  adjusted  just  before  coating  so  that  it  did  not  affect  the  after- 
ripening.  With  the  exception  of  pinaverdol,  the  data  for  each  dye 
(and  also  for  the  unsensitized  portions)  represent  two  emulsions,  one 
for  the  range  below  pH  7  ana  one  for  the  range  above.    These  fit 


Figure  4. —  Variation  in  sensitivity  with  hydrogen  ion  concentration 
o  Speed  for  white  light  exposure,  unsensitized  emulsions. 

O  Speed  for  exposure  through  Minus  Blue  filter,  plnaryanol-sensitizH  emulsions. 
.  Speed  for  exposure  through  Minus  Blue  Alter,  pinaverdol-sensiticed  emulsion. 

sufficiently  well  to  draw  single  curves,  except  for  erythrosin.  (Fig.  5.) 
The  discrepancy  between  the  two  emulsions  in  this  case  is  explained 
by  a  difference  in  silver  ion  concentration,  to  which  erythrosin  is 
especially  sensitive.  The  emulsion  used  for  the  acid  range  had  a  silver 
ion  concentration  at  pH  7  of  1.3X10"4,  while  the  concentration  for 
the  other  was  0.66  X  10~8  at  the  same  pH.  The  effect  of  differences  in 


pH 

Figure  5. —  Variation  in  sensitivity  with  hydrogen  ion  concentration 

All  exposures  through  Minus  Blue  filter. 
.  Plneflavol-sensiiizpfl  emulsions, 
o  Erythrosin-sensitlxed  emulsions. 

silver  ion  concentration  in  other  cases  was  negligible.  These  emul- 
sions were  made  with  a  gelatin  giving  very  little  change  in  sensitivity 
of  the  unsensitized  emulsions  with  pH  (upper  curve  in  fig.  4),  so 
so  that  this  complication  was  reduced  to  a  minimum. 

The  effect  of  hydrogen  ion  concentration  on  sensitization  by  the 
dyes  was  apparently  characteristic  of  the  individual  dye.    At  the 
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most,  it  was  less  than  the  effect  of  silver  ion  concentration,  as  may  be 
seen  by  comparison  with  the  curves  of  Figures  6,  7,  8,  and  9,  which 
are  on  the  same  scale.  Pinacyanol  in  tne  alkaline  range  (fig.  4) 
showed  the  largest  effect,  with  little  change  between  pH  7  and  5. 
Erythrosin  consistently  increased  in  effectiveness  with  increasing  pH; 
this  may  possibly  be  explained  by  increasing  dissociation,  as  it  is  the 
salt  of  a  weak  acid.  Pinaflavol  showed  a  maximum  around  the 
neutral  point.  (Fig.  5.)  Sensitization  by  pinaverdol  (fig.  4),  fell 
off  rapidly  as  the  acidity  was  increased  past  pH  5,  as  would  be 
expected  from  the  decolorization  of  this  dye  by  acid.  Sensitivity  at 
pH  less  than  4.5  became  too  low  to  measure  accurately.  The  change 
from  pH  5  to  9  was  quite  small.  No  generalization  on  the  basis  of 
these  data  appears  to  be  justified. 

V.  SILVER  ION  CONCENTRATION 

The  most  important  of  the  variables  which  we  have  studied  is  the 
silver  ion  concentration  of  the  emulsion.  This  condition  may  also 
be  expressed  in  terms  of  the  excess  of  soluble  bromide  or  soluble 
silver  salts  in  the  emulsion,  as  has  been  the  commonest  practice  in 
the  literature,  but  our  results  indicate  that  the  silver  ion  concentra- 
tion may  be  used  to  simplify  the  statement  and  understanding  of  the 
condition  in  a  manner  quite  analogous  to  the  use  of  hydrogen  ion 
concentration  for  acidity  and  alkalinity.  As  explained  in  previous 
communications  (4)  (5),  the  emulsion  may  be  considered  as  saturated 
with  silver  bromide,  so  that  the  product  of  silver  and  bromide  ion 
concentrations  is  a  constant  at  a  given  temperature  (9X  10~13  at  30°) 
and  either  concentration,  may  bo  computed  from  the  potential  of  a 
silver  electrode  in  the  emulsion  and  used  to  express  its  condition. 
The  addition  of  soluble  bromide  to  an  emulsion  thus  decreases  its 
silver  ion  concentration;  the  addition  of  a  soluble  silver  salt  increases 
the  silver  ion  concentration.  In  both  cases  the  rate  of  change  is  less 
in  the  emulsion  than  it  would  be  in  plain  aqueous  solution.  Adsorp- 
tion of  soluble  bromide  on  silver  bromide  retards  the  increase  m 
bromide  ion  concentration  on  one  side  of  the  equivalence  point,  and 
formation  of  unionized  silver-gelatin  compounds  reduces  the  silver  ion 
concentration  on  the  other  side. 

As  it  is  essential  that  the  sensitizer  should  dye  the  silver  halide, 
sensitization  will  be  dependent  on  conditions  which  affect  its  adsorp- 
tion to  the  grain.  The  sensitizing  dyes  are  known  to  be  ionized,  and 
are  adsorbed  on  the  highly  polar  silver  halide  lattice,  so  that  it  is 
relatively  simple  to  predict  some  of  the  effects  of  silver  ion  concen- 
tration in  the  emulsion.  In  the  presence  of  soluble  bromide  (bromide 
ion  concentration  greatly  exceeding  silver  ion  concentration),  silver 
bromide  will  strongly  adsorb  bromide  ions  at  the  silver  ions  of  the 
crystal  lattice,  and  will  acquire  a  negative  charge.  The  adsorption 
of  the  negatively  charged  ion  of  an  acid  dye,  sucn  as  erythrosin,  will 
thus  be  reduced,  since  it  must  compete  with  the  bromide  ions  for  the 
silver  ions  of  the  lattice.  The  presence  of  an  excess  of  silver  will, 
conversely,  increase  the  adsorption  of  the  color  ion  of  an  acid  dye 
on  silver  bromide,  because  the  silver  ions  of  the  lattice  will  be  free  of 
adsorbed  bromide  and  thus  more  available  to  the  ions  of  the  dye.4 


•  It  should  be  remembered  that  in  a  gelatin  emulsion,  the  adsorption  of  the  gelatin  to  the  silver  bromide 
interferes  very  materially  with  the  adsorption  of  either  type  of  dye.  This  is  almost  certainly  ono  of  the 
reasons  why  grlntin  emulsions  are  not  sensitised  as  readily  as  collodion  emulsions. 
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By  the  same  type  of  reasoning  we  may  predict  that  the  adsorption 
of  basic  dyes  should  be  greater  in  the  presence  of  an  excess  of  bromide 
ions,  and  should  be  reduced  by  an  excess  of  silver  ions. 

The  shift  in  adsorption  of  dyes  with  silver  ion  concentration  is 
used  in  the  titration  of  silver  against  halogen  with  adsorption  indi- 
cators (16).  It  is  of  interest  that  the  best  results  are  obtained  with 
acid  dyes  (fluorescein  and  the  eosins,  including  erythrosin)  and  that 
the  basic  dyes  which  can  be  used  as  indicators  (17),  methyl  violet 
for  example,  may  be  used  as  sensitizers  for  collodion  emulsions. 
The  first  observation  of  the  effect  was  apparently  made  by  von 
Hubl  (18)  who  discovered  a  change  in  color  of  cyanine  on  silver  bro- 
mide with  the  addition  of  excess  silver  or  bromide  to  the  solution. 
Lttppo-Cramer  (19)  found  that,  in  accordance  with  the  theory, 
erythrosin  was  displaced  from  various  insoluble  salts  by  the  corre- 
sponding anions,  while  basic  dyes  were  not. 

Observations  on  collodion  emulsions  (20)  have  been  in  accord 
with  the  simple  theory.  Acid  sensitizers  are  adversely  affected  by 
the  slightest  traces  of  soluble  bromide,  and  are  preferably  used  with 
the  addition  of  soluble  silver  salts,  while  the  basic  dyes  are  most 
effective  in  the  presence  of  a  slight  excess  of  bromide.  It  should  be 
remembered  that  collodion  emulsions  are  not  sensitized  by  the  basic 
dyes,  such  as  pinacyanol,  until  the  alcohol  has  been  largely  displaced 
by  washing  with  water,  so  that  we  are  justified  in  discussing  the  ioniza- 
tion on  the  basis  of  an  aqueous  system. 

Luppo-Cramer  (21)  (22)  found  that  in  sensitizing  gelatin  emulsions 
by  bathing,  erythrosin  was  more  affected  by  soluble  bromide  in  the 
dye  bath  than  was  the  basic  dye  pinachrome.  However,  the  simple 
theory  just  given  fails  to  predict  that  small  amounts  of  soluble  bromide 
will  cause  any  decrease  in  sensitization  by  basic  dyes,  and  something 
further  is  necessary  to  account  for  the  fact  that  this  decrease  exists 
and  is  of  such  magnitude  that  most  writers  have  failed  to  note  the 
difference  between  the  behavior  of  the  acid  and  basic  dyes.  In  the 
first  place,  the  adsorption  of  the  basic  sensitizing  dyes  on  silver 
bromide  is  not  as  simple  as  that  of  erythrosin.  Sheppard,  Lambert, 
and  Keenan  (14)  found  that  at  pH  5,  pinacyanol  was  adsorbed  much 
more  strongly  on  silver  bromide  with  excess  of  silver  ions  than  on 
the  same  sample  with  excess  of  bromide  ions.  At  pH  7.5  the  order 
was  reversed.  Adsorption  of  dichlorofluorescein  followed  the  simple 
theory.  Bokinik  (23)  also  reports  stronger  adsorption  of  pinacyanol 
on  silver  bromide  with  excess  of  silver  ions  than  on  an  "equivalent" 
sample;  the  pH  is  not  given.  More  data  on  adsorption  of  the  basic 
sensitizers  is  evidently  necessary  for  adequate  theoretical  treatment. 
In  the  second  place,  there  is  the  possibility  of  some  factor  depending 
on  silver  ion  concentration  and  affecting  acid  and  basic  dyes  alike, 
the  effects  of  changes  in  adsorption  being  superposed  on  this.  In  a 
system  such  as  the  photographic  emulsion  where  gain  or  loss  of  .bro- 
mine is  probably  the  significant  chemical  change,  the  oxidation- 
reduction  potential  should  depend  on  the  silver  (or  bromide)Aion 
concentration  in  a  manner  exactly  analogous  to  its  dependence  on 
hydrogen  ion  concentration.  If  we  adopt  the  working  hypothesis 
that  sensitization  is  the  result  of  chemical  reduction  of  silver  bromide 
by  the  dye,  a  decrease  in  sensitization  by  increasing  bromide  ion 
concentration  is  to  be  expected.  This  hypothesis  involves  the  simplest 
and  most  definite  mechanism  of  sensitization,  and  in  the  absence  of 
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proof  to  the  contrary,8  we  believe  it  is  worthy  of  support  (24).  It  is 
essentially  the  converse  of  the  oxidation  theory  of  desensitization. 
The  implied  continuous  gradation  between  sensitization  and  desensi- 
tization has  been  realized  by  Kogel  and  Bene  (27)  and  in  this  labora- 
tory (28)  by  change  in  silver  ion  concentration.  Independent  evi- 
dence of  photochemical  reaction  between  silver  bromide  and  sensitizing 
dyes  is  given  by  the  accelerated  bleaching  of  the  dyes  when  adsorbed 
on  silver  bromide. 

As  the  relative  magnitude  of  the  effects  of  changes  in  oxidation- 
reduction  potential  and  in  adsorption  can  not  be  predicted,  the 
change  in  sensitization  with  silver  ion  concentration,  which  is  the 
algebraic  sum  of  these  effects,  may  take  a  variety  of  forms,  but  we 
may  at  least  expect  that  the  basic  dyes  will  be  less  sensitive  to  the 
addition  of  soluble  bromide  than  the  acid  dye. 

2.0,  1 


Log  of  silver  ion  concentration 

Figure  6. — Variation  in  sensitivity  vrilh  silver  ion  concentration 

O  Speed  of  pinaverdol-sensitized  emulsion  for  exposures  through  Minus  Blue  filter. 
X  Quantities  of  Silver  sulphate  or  potassium  bromide  added  to  175  ml  of  emulsion,  containing  0.0*0 
equivalent  of  silver  bromide,  to  produce  indicated  silver  ion  concentrations. 

Our  data  are  presented  in  Figures  6,  7,  8,  and  9.  The  logarithm  of 
the  speed  (at  7=  1.0)  for  exposures  through  the  Minus  Blue  filter  has 
been  plotted  against  the  logarithm  of  the  silver  ion  concentration  in 
the  emulsions.  The  logarithmic  scale  for  the  speed  numbers  was 
adopted  as  the  best  means  of  comparing  the  data  for  emulsions  which 
differed  considerably  in  speed.   The  total  (white  light)  sensitivity  of 

'  The  results  of  Leszynski  (25)  have  been  widely  quoted  as  proof  that  sensitization  can  not  depend  on 
photochemical  reaction  between  the  dye  and  the  s.lvcr  halide,  since  it  is  practically  impossible  thus  to  ac- 
count for  his  reported  yield  of  20  atoms  of  photo-silver  per  molecule  of  erythrosin  (without  development'. 
The  writers  are,  however,  unable  to  accept  his  datn  H5  adequate  to  a  cruc  al  test.  The  figure  Just  quoted 
was  obtained  by  ascribing  to  the  action  of  the  sensitizer  nil  the  stlvei  found  in  nn  crythrosin-acnsit.zed  « mis- 
sion after  exi*>sure  to  green  light,  but  Leszynski's  own  data  show  that  the  exposure  used  to  secure  the  aliove 
yield  was  10  '  times  that  necessary  to  produce  a  developable  density  of  1  in  the  same  emulsion  w.tbout  the 
erythrosin,  using  exactly  the  same  source  of  green  light  (an  incandescent  light  with  filter).  Granting  that 
green  light  was  many  times  more  effective  in  producing  a  developable  image  in  the  erythrosin-sensitited 
portion  of  the  emulsion  than  in  thcunsensitizcd,  the  absence  of  control  analysis  on  the  unsensitized  emulsion 
after  the  same  exposure  renders  his  conclusion  very  uncertain,  especially  as  no  details  are  given  for  his  ex- 
periments which  lead  him  to  believe  that  the  Becquerel  effect  was  not  involved.  The  results  of  Tollert  (2fi) 
are  open  to  the  same  criticism  for  lack  of  control  experiments. 
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Figure  7. — Variation  in  sensitivity  with  silver  ion  concentration,  for  erythrosin- 
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the  emulsions  did  not  vary  materially  with  the  silver  ion  concentra- 
tion, so  that  the  speed  numbers  corresponding  to  the  filter  exposures 
indicate  the  changes  in  sensitization. 

The  data  were  obtained  by  varying  the  silver  ion  concentrations  of 
the  emulsions  after  digestion  and  addition  of  the  dye  and  just  before 
coating;  the  after-ripening  of  all  portions  was  the  same  within  the 
limits  of  error  of  sensitometry,  so  that  the  observed  results  may  be 
ascribed  directly  to  the  effect  of  environment  on  the  dye-silver  halide 
combination.  The  silver  ion  concentration  was  adjusted  by  appro- 
priate additions  of  potassium  bromide  or  silver  sulphate.  In  Figure  6, 
one  curve  represents  the  change  in  sensitivity  of  a  pinaverdol-sensi- 
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Fiuckk  9.—  Variation  in  sensitivity  with  silver  ion  concentration,  for  pinacyanol- 
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tized  emulsion  with  the  silver  ion  concentration ;  the  other  shows  the 
amounts  of  potassium  bromide  or  silver  sulphate  which  were  added 
to  the  corresponding  portions  of  emulsions  to  produce  these  silver  ion 
concentrations.  Equivalence  of  bromide  and  silver  ion  concentra- 
tions occurs  close  to  —6  on  the  logarithmic  scale,  but  this  corre- 
sponds (5)  to  an  excess  of  silver  over  bromine  in  the  emulsion.  The 
emulsion  after  washing  (with  no  addition  of  bromide  or  silver)  con- 
tained only  a  very  slight  amount  of  soluble  bromide,  but  the  silver  ion 
concentration  was  repressed  by  the  gelatin,  and,  therefore,  was  much 
smaller  than  the  bromide  ion  concentration.  The  curve  obviously 
corresponds  to  the  change  in  potential  of  a  silver  electrode  on  passing 
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through  the  equivalence  point  of  a  titration  of  silver  against  bromide ; 
in  the  presence  of  the  gelatin  at  this  pH  (about  7),  the  equivalence 
point  is  displaced  toward  increasing  bromide  ion  concentration  and  the 
"break "  is  not  as  sharp.  The  results  with  other  emulsions  were  very 
similar. 

Two  general  classes  of  emulsions  were  used — the  neutral  ("C") 
type,  with  4.0  mol  per  cent  Agl,  coated  at  pH  7  ±  0.5,  and  the  am- 
monia ("A")  type,  with  1.0  mol  per  cent  Agl,  coated  at  pH  8  to  8.5. 
No  differences  wnich  could  be  ascribed  to  the  emulsion  type  were  de- 
tected. 

The  range  of  silver  ion  concentrations  which  could  be  used  in  the 
experiments  was  limited  by  the  increasing  fog  and  instability  of  the 
batches  with  increasing  excess  of  silver.  The  emulsions  for  this 
series  of  experiments  were  made  with  partly  deactivated  gelatin  in 
order  to  reduce  fog.  The  fog  density  for  12-minute  development  in 
pyro-soda  without  bromide  was  normally  less  than  0.5,  and  in  no 
case  exceeded  0.75. 

By  centrifuging  the  experimental  emulsions,  they  could  be  cleared 
of  silver  halide  and  the  concentration  of  any  dye  which  had  not  been 
adsorbed  could  be  observed.  The  change  in  adsorption  of  ervthrosin 
with  changing  silver  ion  concentration  was  readily  detected  in  this 
way.  It  could  not  be  measured  with  any  accuracy  because  the  dye 
changed  in  hue  as  well  as  in  concentration,  but  by  comparison  with 
known  solutions  of  the  dye  made  up  in  a  gelatin  solution  correspond- 
ing to  the  emulsion,  it  was  estimated  that  in  one  emulsion,  half  the 
dye  was  adsorbed  at  a  silver  ion  concentration  of  1.2  X10"9,  while 
five-sixths  was  adsorbed  at  a  silver  ion  concentration  of  3X10~*. 
Pinacyanol  and  pinaverdol  in  photographically  practicable  concen- 
trations were  adsorbed  too  strongly  to  make  any  comparison  possible, 
while  the  color  of  the  gelatin,  plus  a  change  in  hue  of  the  dye,  inter- 
fered with  measurements  of  pinaflavol  remaining  in  the  emulsion. 
Quantitative  work  will  obviously  have  to  be  done  under  other  condi- 
tions, but  it  is  worth  recording  that  the  effect  could  be  detected  in  the 
emulsion. 

The  curves  for  all  the  dyes  show  that  sensitization  decreases  with 
decreasing  silver  ion  concentration  in  the  range  10~7  to  10"10  which 
corresponds  to  concentrations  of  soluble  bromide  sufficient  to  give 
moderate  to  good  stability  to  the  emulsion.  This  indicates  that  the 
effect  common  to  all  dye-emulsion  combinations,  which  we  have 
ascribed  to  change  in  oxidation-reduction  potential,  is  the  largest 
factor  involved.  The  differences  between  the  dyes  are  significant  and 
generally  in  accordance  with  the  expected  change  in  adsorption.  The 
slopes  of  the  curves  for  erythrosin-sensitized  emulsions  (fig.  7)  are 
larger  than  those  of  emulsions  sensitized  with  any  of  the  other  dyes, 
since  the  adsorption  of  this  acid  dye  increases  with  increasing  silver  ion 
concentration  and  the  sign  of  the  resulting  change  in  sensitization  is, 
therefore,  the  same  as  that  of  the  common  factor.  The  curves  for 
sensitization  by  all  three  of  the  basic  dyes  appear  to  reach  a  maximum 
value,  the  decrease  in  sensitization  with  increasing  silver  ion  concen- 
tration being  most  certainly  established  for  pinaflavol  (fig.  8)  and 
least  certainfy  for  pinacyanol.  (Fig.  9.)  The  slopes  of  the  curves  on 
the  bromide  side  of  the  maximum  are  least  for  pinaflavol  and  greatest 
for  pinacyanol,  pinaverdol  being  intermediate.  Pinaflavol  is  by  far 
the  most  soluble  of  the  three  basic  dyes,  and  observations  under  corn- 
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parable  conditions  both  in  the  emulsion  and  with  pure  silver  bromide 
indicate  that  it  is  less  completely  adsorbed  than  the  other  two. 
Chances  in  adsorption  caused  by  change  in  silver  ion  concentration 
should,  therefore,  have  more  effect  on  tne  sensitization  by  pinaflavol 
than  on  that  by  the  other  basic  dyes,  and  it  is  to  be  expectea  that  the 
general  trend  should  be  more  completely  counteracted  by  the  predicted 
decrease  in  adsorption  with  increasing  silver  ion  concentration.  The 
net  result  is  that  the  change  in  sensitization  by  pinaflavol  is  close  to 
the  experimental  error  over  a  considerable  range  of  silver  ion  concen- 
tration, although  there  is  an  unmistakable  decrease  at  a  sufficient 
excess  of  silver. 

Increase  in  relative  spectral  sensitivity  by  increasing  the  silver  ion 
concentration  in  the  emulsion  is  very  seriously  limitedT in  practice  by 
the  instability  of  the  resulting  product.  If  the  emulsion  must  be 
kept  for  6  to  12  months  under  ordinary  conditions  without  serious 
deterioration  (which  might  be  regarded  as  the  minimum  commercial 
requirement)  it  is  necessary  in  emulsions  of  the  type  used  in  these 
experiments  to  have  the  silver  ion  concentration  approximately 
2  X  10~9  N  or  less.  (This  corresponds  to  2  to  3  molecules  of  soluble 
bromide  per  1,000  of  silver  bromide).  Silver  ion  concentrations  up 
to  10"5iV  are  produced  in  hypersensitized  materials  (3),  but  these  cor- 
respond to  a  useful  life  of  a  few  weeks  or  even  days.  Deterioration 
of  the  emulsions  in  which  the  silver  ion  concentration  was  adjusted 
before  coating  went  on  at  a  rate  increasing  with  this  factor;  the 
batches  with  the  highest  concentrations  indicated  behaved  like  hyper- 
sensitized materials. 

A  number  of  patents  (29)  have  recently  been  secured  on  organic 
materials  which  are  described  as  preservatives  for  emulsions.  One 
of  these,  nitrobenzimidazol,  has  also  been  studied  (30)  as  a  substitute 
for  soluble  bromide  in  development.  Since  its  use  is  patented,  any 
practical  investigation  by  this  laboratory  is  unjustified,  but  the 
mechanism  of  its  action  is  of  considerable  scientific  interest.  Nitro- 
benzimidazol was  synthesized  in  this  laboratory  and  purified  by 
recrystallization  from  hot  water  and  from  alcohol.  Its  crystals 
formed  the  characteristic  groups  of  flesh-colored  needles,  and  melted 
at  209°  C.  The  silver  compound  was  prepared  by  precipitation  from 
dilute  aqueous  solutions  of  nitrobenzimidazol  and  silver  nitrate. 
After  thorough  washing,  the  silver  ion  concentration  in  saturated 
solutions  of  the  compound  was  determined  by  the  silver  electrode  at 
30°  C.  At  pH  7.1  (in  0.010  N  sodium  acetate  solution)  it  was  found 
to  be  2.3  X  10~7  N,  indicating  that  the  compound  is  more  insoluble 
than  silver  bromide.  The  silver  is,  however,  readily  displaced  by 
hydrogen,  since  at  pH  3.5  (0.010  N  acetic  acid)  the  silver  ion  con- 
centration in  a  saturated  solution  was  6.4xlO~*iV.  In  emulsions 
at  approximate  neutrality  it  produces  some  decrease  in  silver  ion  con- 
centration, but  experiments  on  afterripening  with  the  addition  of 
nitrobenzimidazol  indicated  that  mol  for  mol,  it  produces  about  ten 
times  the  effect  of  soluble  bromide  in  delaying  afterripening.  Some- 
thing more  than  the  decrease  in  silver  ion  concentration  must  be 
involved,  and  another  method  of  attack  would  be  necessary  to 
decide  what  this  might  be. 

Experimental  emulsions  were  divided  after  digestion  into  portions 
which  were,  respectively,  coated  unsensitized  and  sensitized  with 
erythrosin,  pinaflavol,  and  pinacyanol,  each  of  these  being  subdivided 
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nto  halves  with  and  without  the  addition  of  nitrobenzimidazol.  It 
was  found  that  the  preservative  selectively  depressed  the  sensitivity 
conferred  by  the  dyes,  the  effect  being  greater  for  the  exposures 
through  the  filter  than  for  the  white-light  exposures  of  the  unsensi- 
tized  portions.  The  effect  was  of  the  same  order  of  magnitude  as 
would  be  produced  by  soluble  bromide  with  the  same  preservative 
action,  although  our  data  do  not  exclude  the  possibility  that  under 
other  conditions  this  stabilizer  might  be  superior  to  soluble  bromide 
in  this  respect.  The  effect  of  the  nitrobenzimidazol  on  the  individ- 
ual dyes  was  appreciably  different  from  that  of  soluble  bromide. 
The  depression  01  sensitization  increased  in  the  order  erythrosin< 
pinaflavol  <  pinacyanol.  A  possible  explanation  may  again  be  found 
in  terms  of  adsorption.  The  insolubility  of  the  silver  compound  of 
nitrobenzimidazol  indicates  that  this  material  should  be  strongly 
adsorbed  by  the  silver  bromide,  most  probably  by  the  silver  ions. 
This  would  bring  it  into  competition  with  the  basic,  rather  than  the 
acid  dyes,  so  that  erythrosin  should  be  the  least  affected  of  the  three. 
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A  METHOD  FOR  THE  SEPARATION  OF  RHODIUM  FROM 
IRIDIUM  AND  THE  GRAVIMETRIC  DETERMINATION 
OF  THESE  METALS 

By  Raleigh  Gilchrist 


ABSTRACT 

A  method  is  described  for  the  analytical  separation  of  rhodium  from  iridium  by 
means  of  titanous  chloride.  Two  precipitations  of  the  rhodium,  as  metal,  from 
a  solution  of  its  sulphate  in  sulphuric  acid  were  found  to  be  sufficient  to  separate 
it  completely  from  iridium.  Following  the  separation,  methods  are  described 
for  the  determination  of  rhodium  by  precipitation  with  hydrogen  sulphide,  for  the 
elimination  of  titanium  by  precipitation  with  cupferron,  and  for  the  determination 
of  iridium  by  hydrolytic  precipitation. 

An  alternative  method  is  offered  in  which  rhodium  and  iridium  are  determined 
together  in  one  sample  by  hydrolytic  precipitation,  and  rhodium  separately  in  a 
second  sample. 
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I.  INTRODUCTION 

The  separation  of  rhodium  from  iridium  has  long  remained  one  of 
the  most  difficult  of  the  analytical  problems  of  the  platinum  group  of 
metals.  Berzelius,1  in  a  general  scheme  for  the  analysis  of  crude 
platinum,  used  molten  potassium  bisulphate  to  separate  these  two 
metals  from  one  another.  This  method  is  unsatisfactory  because  of 
the  incomplete  removal  of  rhodium  and  the  partial  solution  of  iridium. 

Another  method,  which  is  in  current  use,  was  employed  by  Claus,2 
and  by  Leidie* 3  in  schemes  for  the  analysis  of  crude  platinum.  In 
these  schemes  the  separation  is  based  upon  the  precipitation  of 
quadrivalent  iridium  as  ammonium  chloroiridate  by  ammonium 
chloride.  Experience  in  this  laboratory  with  the  purification  of  the 
platinum  metals  has  shown  that  rhodium  contaminates  iridium, 
when  the  latter  is  precipitated  as  ammonium  chloroiridate,  and  that 
it  can  be  eliminated  only  with  great  difficulty,  if  at  all,  by  repeated 
precipitation  of  the  iridium.  Furthermore,  since  ammonium  chloro- 
iridate has  a  slight  solubility,  some  of  the  iridium  must  remain  with 
the  rhodium. 

i  J.  J.  Berxelius,  Ann.  Physik  (Pogg.),  vol.  13,  p.  533,  1828. 
» C.  Claus,  Beitrtge  xur  Chemle  der  I'latimuetalle,  Dorpat,  1885,  p.  56. 
»E.  Leidi6,  Compt.  rend.,  vol.  131,  p.  188,  1900. 
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In  a  recent  article,  Ogburn  and  Miller 4  proposed  a  method  for  the 
determination  of  osmium  in  which  strychnine  sulphate,  C2i  H2  202N2  — 
H2S04,  is  used  as  a  precipitating  reagent.  Attempts  were  made  to 
determine  whether  this  reagent  could  be  used  to  effect  the  separation 
of  iridium  from  rhodium.  The  reactions  of  strychnine  sulphate  with 
solutions  of  the  quadrivalent  platinum  metal  chlorides  were  observed. 
In  each  case  a  precipitate  was  obtained.  No  precipitate  was  obtained 
in  chloride  solutions  of  tervalent  rhodium,  tervalent  iridium,  or 
tervalent  ruthenium  (quadrivalent  ruthenium  chloride  which  had 
been  heated  with  alcohol).  In  its  reaction  with  the  quadrivalent 
chlorides,  the  strychnine  salt  appears  to  behave  like  an  ammonium 
salt,  but  with  the  production  of  compounds  of  much  lower  solubility. 

It  was  found  possible  to  precipitate  iridium  completely  from 
solutions  of  ammonium  chloroiridate  in  diluted  hydrochloric  acid 
(5  +  95). 5  The  reagent,  moreover,  caused  no  precipitation  of  rhodium 
from  similarly  acidified  solutions  of  pure  rhodium  chloride.  However, 
when  strychnine  sulphate  was  added  to  solutions  containing  both 
iridium  and  rhodium  as  chlorides,  the  iridium  was  found  to  be  con- 
taminated by  rhodium  to  the  extent  of  from  10  to  37  per  cent  of  the 
rhodium  present  in  the  solutions.  It  was  found  possible  to  redissolve 
the  iridium  precipitate  by  treatment  with  nitric  acid  or  with  sodium 
nitrite,  but  it  was  not  found  possible  to  treat  the  solution  in  such  a 
wav  as  to  permit  the  quantitative  reprecipitation  of  the  compound. 

frada  and  Nakazono,*  while  studying  the  behavior  of  titanous 
sulphate  toward  various  elements,  observed  that  this  reagent  caused 
complete  precipitation  of  metallic  rhodium  from  solutions  of  its 
chloride,  whereas  iridium  was  not  precipitated  from  its  chloride  solu- 
tion. Apparently,  the  effect  of  the  reagent  on  solutions  containing 
both  rhodium  and  iridium  was  not  studied. 

Attempts,  in  this  laboratory,7  to  use  the  foregoing  reactions  as  a 
method  of  separation  showed  that  the  precipitated  rhodium  was 
contaminated  with  as  much  as  10  per  cent  of  the  iridium  present. 
In  the  absence  of  any  known  means  of  redissolving  the  precipitate 
and  thus  preparing  it  for  a  second  precipitation,  the  best  that  could 
be  done  was  to  fuse  the  ignited  metal  with  pyrosulphate,  in  order  to 
extract  the  rhodium.  It  was  found  that  a  small  amount  of  iridium 
passed  into  solution  and  that  the  residues  from  the  pyrosulphate 
fusions  always  retained  some  rhodium.  The  method,  therefore,  could 
not  be  made  strictly  quantitative  but,  in  spite  of  its  shortcomings, 
it  was  better  than  any  other  known  procedure.  The  objects  of  the 
work  described  in  this  paper  were  to  develop  this  method  of  separa- 
tion into  a  strictly  quantitative  one  and  to  provide  suitable  methods  for 
the  determinations  of  the  two  metals  after  they  had  been  separated. 

II.  COMPOUNDS  USED  IN  THE  EXPERIMENTS 

The  iridium  and  the  rhodium  which  were  used  throughout  the 
investigation  were  purified  by  methods  previously  described  8  and 
were  found  to  be  free  from  impurities  by  spectrographs  analysis. 


♦  S.  C.  Ogburn.  Jr.,  and  L.  F.  Miller,  J.  Am.  Chem.  Soc..  vol.  52,  p.  42,  1930. 

»  This  denotes  5  volumes  of  hydrochloric  acid,  specific  gravity,  1.18,  mixed  with  95  volumes  of  water 
This  system  of  designating  diluted  acids  is  used  throughout  this  paper.  If  no  dilution  is  spmGed,  too 
concentrated  reagent  is  intended.  The  concentrated  sulphuric  acid  used  had  a  spociOc  gravity  of  1.84. 

•  I.  Wada  and  T.  Nakaiono,  Sci.  papers  Inst.  Phys.  Cncm.  Research,  Japan,  vol.  1,  p.  13u,  1923. 
T  Unpublished  work  by  W.  H.  Swanger  and  by  H.  A.  Bucbheit. 

'  E.  Wichers,  R.  Gilchrist,  and  W.  if.  Swanger,  Trans.  Am.  Inst.  Mining  Met.  Eng.,  vol.  78,  p.  602. 1V2S. 
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In  order  to  avoid  errors  incident  to  volumetric  measurements, 
weighed  portions  of  the  compounds,  ammonium  chloroiridate  and 
ammonium  chlororhodite,  were  used.  Care  wa9  taken  to  avoid  the 
presence  of  alkali  chloride  or  of  other  nonvolatile  impurities  in  the 
salts,  but  no  attempt  was  made  to  prepare  compounds  of  definite 
composition.  The  salts  were  carefully  mixed  by  grinding  in  an  agate 
mortar  and  the  metallic  content  determined  by  direct  ignition  in 
hydrogen  whenever  a  series  of  samples  was  weighed.  It  was  never 
calculated  from  the  theoretical  composition  of  the  salt. 

III.  DETERMINATION  OF  IRIDIUM  BY  HYDROLYTIC 

PRECIPITATION 

By  far  the  most  difficult  phase  of  the  problem  under  consideration 
was  that  which  dealt  with  the  determination  of  the  iridium  after  its 
separation  from  rhodium  by  tervalent  titanium.  Since  the  solution 
at  this  stage  contains  the  titanium  which  has  been  added,  it  is  neces- 
sary to  effect  a  separation  of  the  iridium  from  titanium.  The  most 
direct  way  to  do  this  is  to  precipitate  the  iridium  by  hydrogen  sul- 
phide.9 Certain  difficulties  were  encountered  in  an  attempt  to  use 
hydrogen  sulphide,  such  as  incomplete  precipitation  of  iridium  and 
partial  hydrolysis  of  titanium  compounds,  even  though  considerable 
quantities  of  tartaric  acid  were  added  to  the  solutions.  The  deposition 
of  titanium  dioxide  was  particularly  noticeable  on  the  walls  of  the 
beaker  just  above  the  level  of  the  solutions.  The  titanium  dioxide 
often  formed  an  adherent  mirror  on  the  glassware.  It  likewise 
contaminated  the  sulphide  precipitate  and  could  be  removed  later 
only  by  fusion  with  bisulphate.  The  recovery  of  iridium  by  hydro- 
gen sulphide  will  undoubtedly  have  many  advantages  when  the 
proper  conditions  of  control  have  been  fully  established.  For  the 
present,  however,  it  seemed  expedient  to  consider  some  other  means 
by  which  the  iridium  could  be  recovered. 

Preliminary  experiments  showed  that  the  titanium  could  be 
entirely  eliminated  bv  precipitation  with  cupferron  (ammonium 
salt  of  nitrosophenylhydroxylamine,  C6H6N-NO-ONH4).  It  was 
found  that  the  small  quantity  of  iridium,  of  the  order  of  1  mg  or  less, 
which  contaminated  the  first  cupferron  precipitate,  was  completely 
recovered  by  reprecipitating  the  titanium. 

Previous  work  on  the  determination  of  ruthenium  10  and  of  os- 
mium 11  by  hydrolvtic  precipitation  suggested  that  a  similar  method 
was  feasible  for  iridium.  Sodium  bicarbonate  was  added  to  boiling 
aqueous  solutions  of  ammonium  chloroiridate  until  the  color  became 
green.  Sodium  bromate  was  then  added  and  the  solutions  were 
boiled  for  25  minutes  to  coagulate  the  finely  divided  precipitate  and 
to  insure  complete  precipitation.  The  greenish-black  precipitates 
were  treated  as  descnbed  in  the  procedure  given  later.  The  acidities 
of  the  filtrates  from  the  hydrolytic  precipitation  were  determined  ap- 
proximately by  means  of  indicator  solutions.  In  four  of  the  solutions 
from  which  complete  recovery  of  the  iridium  was  obtained,  the 
acidities  ranged  from  pH  4  to  pH  4.6.    In  the  fifth  filtrate  the  pll 

— — ■  ■  .  _  -  .  ■■  ■  ...     —  — -  —  ■  ■       -  .  —  ■ 

•  This  method  of  recovery  of  iridium  has  certain  advantages  which  make  it  of  importance  in  the  analytical 
chemistry  of  the  platinum  group.  While  the  exact  conditions  which  will  allow  complete  precipitation  of 
iridium  have  not  yet  been  fully  established,  further  work  is  boing  done  and  will  appear  later  in  the  descrip- 
tion of  a  general  method  for  the  separation  of  the  platinum  group. 

>•  Gilehnst,  B.  S.  Jour.  Research,  vol.  3,  p.  903,  1929. 

»  Oilchrist,  B.  8.  Jour.  Research,  vol.  6,  p.  421, 193L 
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value  was  somewhere  between  1.5  and  4.  This  filtrate  was  found 
to  contain  a  small  quantity  of  iridium. 

In  order  to  establish  proper  conditions  for  the  iridium  precipitation, 
it  became  necessary  to  be  able  to  detect  small  amounts  of  indium  in 
the  filtrates  from  the  hydrolytic  precipitations.  A  test  which  has 
been  frequently  employed  in  this  laboratory  consists  in  the  develop- 
ment of  a  green  or  blue  color "  when  a  concentrated  solution  of 
sulphuric  acid,  containing  iridium,  is  heated  with  nitric  acid.  With 
quantities  of  iridium  less  than  0.1  mg,  the  color  developed  is  green, 
with  larger  amounts  it  is  blue.  A  few  precautions,  however,  must 
be  observed.  Chlorides  appear  to  decompose  the  particular  com- 
pound responsible  for  the  blue  color.  The  sulphuric  acid,  therefore, 
must  be  heated  until  heavy  vapors  are  evolved  and  this  treatment 
repeated,  after  the  addition  of  a  small  quantity  of  nitric  acid,  until 
all  hvdrochloric  acid  is  expelled.  Furthermore,  the  stronglv  acid 
solution  must  not  be  heated  for  too  long  a  time  after  the  last  addition 
of  nitric  acid.  If  these  two  precautions  are  observed,  the  color  will 
often  remain  visible  for  as  long  as  a  week.  The  test  is  likewise 
applicable  when  considerable  quantities  of  alkali  sulphates  arc 
present.  If  the  composition  of  the  evaporated  solution  be  made  to 
approximate  that  of  sodium  bisulphate,  with  a  slight  excess  of  sul- 
phuric acid,  the  color  of  the  salt  on  solidification  will  often  remain 
visible  for  several  weeks,  changing  slowly  from  blue  to  violet  with 
the  absorption  of  water  from  the  air.  The  limiting  quantity  of 
iridium  capable  of  certain  detection,  under  the  conditions  mentioned 
above,  appeared  to  be  0.1  mg. 

The  results  of  the  determination  of  iridium  by  hydrolytic  precipita- 
tion from  aqueous  solutions  of  ammonium  chloroiridate  are  given  in 
Table  1.  The  error  in  No.  12  is  ascribed  to  the  fact  that  the  solution 
was  too  acid. 


Table  1. — Recovery  of  iridium  from  aqueous  solution*  of  ammonium  chloro- 
iridate by  hydrolytic  precipitation 


No 

(NHOj 
IrCU 
taken 
42.09  per 
cent  Ir 

Iridium 
present 

Iridium 
recovered 

ElTor 

* 

pH  of 
filtrate 

HtSOrHNO,  test  of  filtrate 

10   

12  

13  

14  

15  

0*1*50 
.2210 

.1809 

0.0790 

.  0M.1 
.  1111 
.1332 
.0798 

0. 0780 
.0831 
.1112 
.  1332 
.0798 

o.'oooo 

-.0012 
+.0001 
.0000 
.0000 

>4 
1.6-4 
4.3-4.5 

'  4 

«4.« 

Very  faint.  Oreenish  color 

Deep  blue. 

Colorless. 

Do. 

Do. 

>  Approximately. 


Since  the  solution  from  which  the  iridium  must  be  recovered  after 
the  elimination  of  titanium  will  contain  a  considerable  quantity  of 
sulphuric  acid,  it  was  necessary  to  establish  the  conditions  for  pre- 
cipitating iridiumjfrom  such  a  solution.  Solutions  of  iridium  in  10 
ml  of  sulphuric  acid  were  prepared  according  to  directions  given  later 
in  the  section  on  recommended  procedure.  These  solutions  were 
diluted  with  20  ml  of  water  and  10  ml  of  hydrochloric  acid  and  boiled 
for  15  minutes.    The  solutions  were  then  further  diluted,  filtered,  and 

'»  Fresenius,  T.  W.,  Qualitative  Chemical  Analysis  (John  Wiley  &  Sons,  New  York.  N.  Y.>,  Euglfch 
translation  of  17lh  Qerman  ed.  by  C.  Ainsworth  Mitchell,  1WI,  p.  377. 
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almost  neutralized  with  a  solution  of  sodium  bicarbonate.  A  con- 
siderable quantity  of  sodium  bicarbonate  was  required  (approximately 
30  g),  but  this  caused  no  difficulty  in  the  precipitation.  The  desired 
end  point  (pH  4),  in  the  addition  of  the  sodium  bicarbonate  solution, 
was  mdicated  by  the  appearance  of  a  blue  color  when  a  drop  of  brom 
phenol  blue  solution  (0.04  per  cent)  was  allowed  to  run  down  the 
stirring  rod  to  which  clung  a  drop  of  the  boiling  solution.  The 
presence  of  bromate  made  the  above  manner  of  testing  the  only  one 
feasible.  The  solutions  were  boiled  for  25  minutes  and  filtered. 
The  precipitates  were  treated  as  directed  in  the  section  on  recom- 
mended procedure. 

The  results  of  the  determination  of  iridium  by  hydrolytic  precipita- 
tion at  pH  4  from  solutions  strongly  acid  with  sulphuric  acid  and 
hydrochloric  acid  are  given  in  Table  2.  The  incomplete  precipitation 
in  Nos.  56  and  57  is  ascribed  to  the  fact  that  the  desired  end  point 
was  not  quite  reached. 


Table  2. — Recovery  of  iridium  from  solutions  of  iridium  sulphate  in  sulphuric 

acid  by  hydrolytic  precipitation 


No. 

(NII«)jIrCli 
taken 
42.70  per 
cent  Ir 

Iridium 
present 

Iridium 
recovered 

Error 

H:S04-HNO!  test  of  filtrate 

58  

Q 

0. 4130 
.3297 
.4029 
.3510 

.3410 

.4128 

0 

0. 1767 
.1408 
.1720 
.1409 

.1456 

.1763 

V 

0.  1702 
.1403 
.1721 
.1501 

.1457 

.1764 

9 

-  0.  OOO.j 
— .  000/) 
+.0001 
+.0002 

+.0001 

+.0001 

Faint  bluish  color. 
Do. 

No  iridium  detected. 
Faint  urconish  color,  not  more  than  0.2 
rag  lr. 

Very  faint  greenish  color,  not  more  than 
0.1  rag  Ir. 

Do. 

r»7  

.w.  -  -  

24  

28     

32  

While  it  was  found  that  iridium  was  completely  precipitated  from 
solution  by  hydrolysis  at  pH  4  in  the  presence  of  bromate,  it  was 
desirable  to  learn  whether  the  precipitation  was  quantitative  over  a 
range  of  pH  values  and  whether  the  addition  of  bromate  was  essential. 
It  was  found  that  precipitation  at  pH  6  was  quantitative  and  that  a 
shorter  time  of  boiling,  10  minutes,  was  sufficient,  provided  bromate 
was  present.  Solutions  of  iridium  which  had  been  merely  saturated 
with  chlorine  failed  to  yield  complete  precipitation.  Solutions  of 
iridium,  which  had  been  evaporated  with  nitric  acid  and  subsequently 
with  hydrochloric  acid,  turned  green  at  pH  6  and  did  not  yield  com- 
plete precipitation  without  the  addition  of  bromate.  In  connection 
with  tnis  last-named  treatment,  it  was  found  that  the  previous  addi- 
tion of  nitric  acid  did  not  prevent  the  precipitation  of  iridium  as  it  does 
in  the  case  of  ruthenium.13 

IV.  METHOD  RECOMMENDED  FOR  THE  SEPARATION  OF 
RHODIUM  FROM  IRIDIUM  AND  FOR  THE  DETERMINA- 
TION OF  THESE  METALS 

1.  PREPARATION  OF  THE  SOLUTION 

Place  the  solution  containing  the  rhodium  and  iridium  as  chlorides 
in  a  500  ml  Erlenmeyer  flask,  closed  with  a  short-stemmed  funnel. 
Add  10  ml  of  sulphuric  acid  and  2  to  3  ml  of  nitric  acid  and  evaporate 

"  See  footnote  10,  p.  549. 

137718—32  7 
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until  heavy  vapors  of  sulphuric  acid  are  evolved.  Add  several  por- 
tions of  nitric  acid  from  time  to  time  and  continue  to  heat  over  a 
free  flame,  keeping  the  solution  in  constant  motion.  Dilute  the 
cooled  solution  with  20  ml  of  water  and  again  evaporate  until  vapors 
of  sulphuric  acid  appear.  This  is  done  to  destroy  nitroso  compounds 
which  may  interfere  in  the  precipitation  of  rhodium  by  titanous 
chloride. 

2.  SEPARATION  AND  DETERMINATION  OF  RHODIUM 

Transfer  the  solution  to  a  clean,  unetched  beaker,  dilute  it  to  200 
ml,  and  heat  it  to  boiline.  Ada  dropwise  a  solution  of  titanous 
chloride  (a  20  per  cent  solution  of  this  reagent  may  be  purchased) 
until  the  supernatant  liquid  appears  slightly  purple.  If  the  solution 
is  placed  over  a  100-watt  light  and  stirred,  observation  of  the  end 
point  is  greatly  facilitated.  Boil  the  solution  for  two  minutes  and 
filter  it.  Wipe  the  walls  of  the  beaker  and  also  the  stirring  rod  with 
a  piece  of  ashless  filter  paper.  Wash  the  filter  and  precipitated  metal 
thoroughly  with  cold  diluted  sulphuric  acid  (2.5  +  97.5).  Place  the 
filter  and  contents  in  a  500  ml  Erlenmeyer  flask,  add  10  ml  of  sul- 
phuric acid,  char  gently,  then  heat  the  solution  until  vapors  of 
sulphuric  acid  appear.  Destroy  the  organic  matter  with  nitric  acid. 
Fuming  nitric  acid  is  preferable  to  the  ordinary  concentrated  acid. 
If  solution  of  the  rhodium  is  not  complete,  that  is,  if  some  black 
specks  remain  unattacked,  dilute  the  solution,  filter  it  and  return  the 
filter  to  the  flask.  Wipe  down  the  walls  of  the  flask  with  a  piece  of 
ashless  filter  paper.  Add  5  ml  of  fresh  sulphuric  acid,  char  the  paper 
and  destroy  all  organic  matter  with  nitric  acid.  Heat  the  solution 
until  heavy  vapors  of  sulphuric  acid  are  evolved.  This  treatment 
will  insure  complete  solution  of  any  remaining  metal  and  will  leave 
only  a  slight  deposit  of  colorless  silica. 

Precipitate  the  rhodium  a  second  time  in  the  manner  described 
above.  Redissolve  the  rhodium  as  before,  dilute  the  sulphuric  acid 
solution  with  20  ml  of  water  and  10  ml  of  hydrochloric  acid  and  boil 
the  resulting  solution  for  15  minutes.  This  treatment  is  necessary  to 
convert  the  rhodium  to  a  form  which  will  allow  complete  precipitation 
by  hydrogen  sulphide.  Dilute  the  solution,  now  rose  colored.  Filter 
it  and  precipitate  the  rhodium  by  hydrogen  sulphide  from  a  boiling 
solution  having  a  volume  of  from  400  to  500  ml.  Filter  the  solution 
and  wash  the  sulphide  precipitate  with  cold  diluted  sulphuric  acid 
(2.5  +  97.5)  and  finally  with  water.  Place  the  filter  with  the  sulphide 
precipitate  in  a  porcelain  crucible.  Ignite  the  dried  precipitate  care- 
fully in  air.  Ignite  the  oxidized  residue  in  hydrogen,  cool  in  hydrogen, 
and  weigh  as  metallic  rhodium. 

3.  RECOVERY  AND  DETERMINATION  OF  IRIDIUM 

Dilute  the  combined  filtrates  from  the  precipitation  of  rhodium 
by  titanous  chloride  to  800  ml.  Cool  the  solution  by  placing  the 
beaker  in  crushed  ice.  Add  a  chilled,  filtered,  freshly  prepared 
solution  of  cupferron  (6  per  cent)  in  slight  excess.  Add  some  filter 
paper  pulp,  filter  by  suction  and  wash  the  titanium  precipitate  with 
chilled  diluted  sulphuric  acid  (2.5  +  97.5)  containing  some  cupferron. 
The  paper  pulp  is  added  to  prevent  the  precipitate  from  becoming 
too  densely  packed.    Return  the  precipitate  to  the  beaker  and  add 
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nitric  acid  until  the  compound  is  mostly  decomposed.  Add  20  ml 
of  sulphuric  acid  and  heat  until  vapors  of  sulphuric  acid  appear. 
Destroy  all  organic  matter  with  nitric  acid.  Dilute  the  resulting 
solution  to  800  ml  and  repeat  the  precipitation  of  the  titanium. 
The  first  cupferron  precipitate  will  usually  be  contaminated  by 
about  1  mg  or  less  of  iridium.  Unite  the  two  filtrates  from  the  cup- 
ferron precipitations  and  evaporate  until  approximately  10  ml  of 
sulphuric  acid  remains.  Insure  the  destruction  of  all  organic  matter 
by  adding  nitric  acid.  Dilute  the  sulphuric  acid  solution  with  20  ml 
of  water  and  10  ml  of  hydrochloric  acid  and  boil  the  resulting  solution 
for  15  minutes.  Dilute  the  solution  somewhat,  filter  it,  and  precipi- 
tate the  iridium  by  hydrolysis.  To  do  this,  add  a  filtered  solution 
of  sodium  bicarbonate  until  the  acidity  of  the  solution  reaches  a  value 
of  pH  6.  Since  the  color  of  the  solution  will,  in  general,  mask  the 
color  of  the  indicator,  it  is  necessary  to  make  the  test  on  a  drop  of  the 
solution  clinging  to  the  stirring  rod.  If  a  drop  of  brom  cresol  purple 
indicator  solution  (0.04  per  cent)  is  colored  faintly  blue  when  it  comes 
in  contact  with  the  drop  of  solution  on  the  stirring  rod,  the  solution 
possesses  an  acidity  which  will  allow  complete  precipitation  of  the 
iridium.  At  this  point,  add  20  ml  of  a  10  per  cent  solution  of  sodium 
brom  ate  and  boil  the  solution  for  20  to  25  minutes.  Make  sure, 
however,  that  sufficient  bromate  is  present  to  oxidise  all  of  the  iridum 
to  the  quadrivalent  state.  Filter  the  solution  and  wash  the  precipi- 
tate thoroughly  with  a  hot  1  per  cent  solution  of  ammonium  chloride. 
Place  the  filter  and  precipitate  of  hydrated  iridium  dioxide  in  a  por- 
celain crucible.  Dry  somewhat  and  moisten  the  contents  of  the 
crucible  with  a  saturated  solution  of  ammonium  chloride.  This  is 
done  to  prevent  deflagration  of  the  hydrated  dioxide  on  subsequent 
ignition  in  air.  Ignite  the  filter  and  precipitate  in  air  and  then  in 
hydrogen.  Leach  the  metallic  residue  with  diluted  hydrochloric 
acid  (1  +  5),  transfer  it  to  a  filter  and  wash  it  with  hot  water.  This 
precaution  is  taken  to  insure  complete  removal  of  soluble  salts. 
Ignite  the  metallic  residue  in  air.  Finally,  ignite  the  resulting  oxidised 
metal  in  hydrogen,  cool  in  hydrogen  and  weigh  as  metallic  iridium. 

The  results  of  the  determination  of  rhodium  and  of  iridium,  ob- 
tained by  following  the  procedure  of  separation  and  of  recovery 
which  has  just  been  outlined,  with  the  exception  that  the  iridium  was 
precipated  at  pH  4,  are  given  in  Table  3.  The  result  of  one  experi- 
ment, in  which  rhodium  was  twice  precipitated  by  titanous  chloride 
in  the  absence  of  iridium,  is  also  included. 


Table  3. — Results  of  the  analysis  of  solutions  containing  both  rhodium  and  iridium 


No. 

(NH«)j 
RhCU 
taken 

30.48  jw 

Rhodium 
present 

Kbodium 
recovered 

Error 

(NH«)i 
IrCU 
taken 

42.70  per 

Iridium 
present 

Iridium 
recovered 

Error 

26  

(f 

0. 1S24 
.  1478 
.4444 
.4732 
.3W1 
.2757 

9 

0.055*3 
.0451 
.1355 
.1442 
.1210 
.0*40 

9 

0. 0556 
.0451 
.1354 
.  1442 
.  1215 
.0838 

9 

9 

9 

9 

20-6  

0. 1722 
.2584 
.3309 
.  3S04 
.3092 

0.0735 
.1103 
.1413 
.  1624 
.1320 

66-  54  

67-  55  

14-43  

0. 1412 
.  1622 
.  1320 

-0. 0001 
-.0002 
.0000 

Note.— A  very  faint  greenish  color  was  produced  when  the  nitrates  from  the  hydrolytic  precipitation  of 
indium  in  Nos.  06-54  and  67-65  were  tested  for  iridium.  No  iridium  was  detected  in  the  nitrate  from  No. 

14-13. 
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To  make  certain  that  the  second  precipitation  by  cupferron 
sufficed  to  separate  all  of  the  iridium  from  the  titanium,  the  second 
cupferron  precipitates  were  redissolved  and  the  titanium  reprecipi- 
tated.  No  trace  of  iridium  was  found  in  the  filtrates  from  the  third 
precipitation  of  the  titanium,  nor  in  the  solutions  of  the  third  precipi- 
tates themselves. 

The  filtrates  from  the  hydrolytic  precipitations  of  the  iridium  were 
likewise  tested.  A  small  amount  of  iridium,  not  exceeding  0.1  mg, 
was  found  in  the  filtrates  from  Nos.  66-54  and  67-55. 

The  chemical  examination  of  the  recovered  iridium  for  traces  of 
rhodium  is  extremelv  difficult,  as  no  sensitive  test  for  rhodium  is 
known.  From  the  fact  that  rhodium  was  found  to  be  completely 
precipitated  by  titanous  chloride  from  pure  solutions  of  rhodium  and 
from  the  fact  that  the  quantities  of  rhodium  recovered  from  actual 
separation  were  identical  with  the  quantities  taken,  it  is  reasonable 
to  conclude  that  no  significant  amount  of  rhodium  contaminated  the 
recovered  iridium. 

The  chemical  examination  of  the  separated  rhodium  for  traces  of 
iridium  is  simple  because  a  sensitive  test  for  iridium  exists.  A 
quantity  of  iridium,  0.1  to  0.2  mg,  is  sufficient  to  give  a  greenish  cast 
to  the  yellow  solution  of  rhodium  in  concentrated  sulphuric  acid. 
Since  no  iridium  was  detected  either  in  the  solutions  of  the  rhodium 
which  had  been  precipitated  twice  by  titanous  chloride  or  in  the 
filtrates  from  the  hydrogen  sulphide  precipitation  of  the  rhodium,  it 
was  concluded  that  the  recovered  rhodium  was  not  contaminated  by 
iridium. 

V.  DISCUSSION  OF  THE  METHOD 

In  the  early  experiments  on  the  separation  of  rhodium  from  iridium 
the  first  precipitation  was  made  from  solutions  of  rhodium  and 
iridium  chlorides  in  diluted  sulphuric  acid  (5  +  95)  at  room  tempera- 
ture. A  considerable  excess  oi  titanous  chloride  was  added  and  the 
solutions  were  filtered  after  definite  periods  of  time.  The  precipitated 
metal  was  finely  divided  and  partially  passed  through  the  filters.  It 
was  very  difficult  to  observe  the  filtrates  for  escaped  metal  because 
of  the  intense  color  of  the  reagent.  The  large  excess  of  titanous 
chloride  appeared  to  cause  the  deposition  of  too  great  a  proportion  of 
the  iridium.  The  deposition  of  iridium  was  even  more  pronounced 
when  the  solutions  were  heated  in  an  attempt  to  coagulate  the  precipi- 
tates. Inasmuch  as  reprecipitation  of  the  rhodium  had  to  be  made 
from  a  solution  of  the  metal  sulphates  in  diluted  sulphuric  acid,  because 
of  the  method  used  to  redissolve  the  precipitate,  the  first  precipitation 
was  also  made  from  a  similar  solution  in  the  later  experiments.  When 
both  precipitations  were  made  from  a  boiling  solution  of  the  metal 
sulphates  and  only  a  very  slight  excess  of  titanous  chloride  was  added, 
it  was  found  that  the  second  precipitation  of  the  rhodium  completely 
eliminated  the  last  trace  of  indium. 

Although  the  other  four  platinum  metals  must  be  absent  at  this 
stage  of  the  general  analysis,  it  was,  nevertheless,  desirable  to  know 
how  they  behaved  toward  titanous  chloride.  The  reagent  was  added 
to  solutions  containing  approximately  50  mg  of  each  metal  in  100  ml 
of  diluted  hydrochloric  acid  (5  +  95)  at  room  temperature.  Palladium 
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appeared  to  be  precipitated  immediately  and  platinum  almost 
immediately.  The  brown  color  of  ruthenium  chloride  was  changed 
to  deep  blue,  but  no  precipitation  occurred  when  the  solution  was 
allowed  to  stand  for  one  week.  No  precipitation  occurred  with  a 
solution  of  chloroosmic  acid  even  when  it  was  allowed  to  stand  for 
three  weeks. 

When  solutions  of  rhodium,  or  of  rhodium  and  iridium,  are  heated 
to  heavy  vapors  of  sulphuric  acid,  precaution  must  be  taken  to  prevent 
the  formation  of  insoluble  compounds  by  local  superheating.  The 
formation  of  such  compounds  is  easily  avoided  by  keeping  the  hot 
sulphuric  acid  solution  in  constant  motion. 

The  essential  feature  which  makes  the  scheme  proposed  by  Wada 
and  Nakazono  workable  is  a  method  by  which  the  precipitated 
rhodium  can  be  redissolved.  A  few  comments  regarding  the  technic 
of  the  operation  appear  worthy  of  emphasis.  An  Erlenmeyer  flask 
should  be  used  in  preference  to  a  beaker  or  to  a  Kjeldahl  flask. 
With  a  beaker,  there  is  danger  of  mechanical  loss  of  material,  partic- 
ularly at  the  danger  of  mechanical  loss  of  material,  particularly  at  the 
stage  where  the  last  traces  of  moisture  are  being  eliminated.  The 
drops  of  condensed  steam  on  the  under  side  of  the  cover  glass  fall 
into  the  hot  sulphuric  acid  and  cause  violent  spattering.  With  a 
Kjeldahl  flask,  it  is  extremely  difficult  to  wipe  down  the  particles 
of  undissolved  metal  from  the  walls.  If  this  latter  precaution  is 
not  observed,  the  results  for  the  recoveries  of  rhodium  will  invariably 
be  low  by  amounts  up  to  about  1  mg. 

The  metallic  rhodium,  obtained  m  the  second  precipitation  with 
titanous  chloride,  must  not  be  ignited  directly  because  it  is  always 
contaminated  by  silica,  introduced  through  the  titanous  chloride 
and  possibly  from  the  glassware,  and  by  a  small  amount  of  titanium. 
Consequently,  the  rhodium  is  again  dissolved  and  precipitated  by 
hydrogen  sulphide.  It  was  not  found  possible  to  precipitate  the 
rhodium  completely  by  hydrogen  sulphide  from  solutions  of  the 
metal  sulphate  in  sulphuric  acid.  This  same  difficulty  has  often  been 
observed  in  this  laboratory  with  solutions  prepared  by  dissolving  the 
product  of  bisulphate  fusions  of  rhodium.  A  solution  of  the  rhodium 
can  be  prepared,  however,  by  adding  diluted  hydrochloric  acid 
(1+2),  equal  to  three  times  the  volume  of  the  concentrated  sulphuric 
acid  solution,  and  boiling  it.  The  yellow  color  of  the  sulphate 
solution  then  changes  to  rose  red,  which  is  the  same  as  the  character- 
istic color  of  rhodium  chloride.  No  difficulty  attends  the  precipita- 
tion of  rhodium  from  the  solution  so  treated. 

The  determination  of  rhodium  and  of  iridium  can  be  greatly 
simplified  and  the  titanium  precipitations  avoided  if  the  solution 
can  be  divided  conveniently  into  aliquot  parts.  Incidental  experi- 
ments showed  that  rhodium  is  completely  precipitated  as  an  olive- 
green  hydrated  dioxide  at  pH  6  when  bromate  is  present.  Since 
iridium  is  precipated  quantitatively  under  the  very  same  conditions, 
the  two  can  be  precipitated  together  and  finally  recovered  as  a 
metallic  mixture.  In  addition,  rhodium  must  be  determined  sepa- 
rately on  a  different  portion  by  precipitation  with  titanous  chloride 
in  the  manner  described  in  the  recommended  procedure. 
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The  method  which  has  been  described  in  this  paper  is  designed 
for  the  separation  of  rhodium  from  iridium  and  for  the  determination 
of  these  metals  when  other  elements  are  absent.  It  will  constitute 
a  part  of  a  general  scheme  for  the  analysis  of  the  platinum  group  and 
will  follow  the  procedures  for  the  separation  of  osmium,  ruthenium, 
platinum,  and  palladium. 

Washington,  July  11,  1932. 
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THE  ISOELECTRIC  POINT  OF  SILK 


By  MUton  Harris 1 


ABSTRACT 


Suspensions  of  silk  in  buffer  solutions  of  different  pH  were  prepared  by  grind- 
ing the  dry  silk  fibroin  to  a  fine  powder  and  shaking  it  in  the  buffer  solution. 

Colloidal  solutions  of  silk  were  prepared  by  dissolving  the  silk  fibroin  in  a  50 
per  cent  lithium  bromide  solution  and  dialyzing  it  to  remove  the  salt.  To  the 
solutions  were  added  known  buffer  mixtures  and  a  small  amount  of  purified  quartz 
powder. 

Electrophoretic  measurements  of  the  suspensions  of  silk  and  of  the  dissolved 
silk  adsorbed  on  the  quartz  particles  gave  an  isoelectric  point  at  pH  2.5. 


A  colloidal  (or  other)  particle  is  said  to  be  at  its  isoelectric  point 
when  the  particle  is  electrically  neutral  with  respect  to  its  surround- 
ing medium.  This  point  is  usually  defined  in  terms  of  some  property 
such  as  the  pH  of  the  medium.  For  an  amphoteric  substance  the 
acidic  and  basic  ionizations  are  equal  at  this  point. 

The  most  direct  method  of  determining  the  isoelectric  point  is  to 
define  the  conditions  under  which  the  particles  do  not  move  in  an 
electric  field.    Such  movement  is  called  electrophoresis. 

Electrical  mobility  measurements  have  been  used  in  the  deter- 
mination of  the  isoelectric  point  of  wool.2  It  is  the  purpose  of  this 
paper  to  present  similar  measurements  of  silk. 

Satisfactory  suspensions  of  wool  could  only  be  prepared  mechani- 
cally; that  is,  by  grinding  the  wool  to  a  fine  powder,  whereas  silk 
may  be  readily  prepared  in  suspensions  and  in  colloidal  solution.3 
Abramson4  has  shown  that  when  quartz  particles  are  suspended  in 
dilute  protein  solutions,  the  protein  is  absorbed  on  the  surface  of  the 
quartz  particle,  and  the  latter  assumes  the  electrokinetic  properties 
of  the  protein.  This  suggested  a  method  for  determining  the  iso- 
electric point  of  the  dissolved  silk. 


The  electrophoresis  apparatus  and  methods  used  in  this  work  were 
the  same  as  used  in  the  determination  of  the  isoelectric  point  of  wool.6 


«  Research  associate  representing  the  American  Association  of  Textile  Chemists  and  Colorlsts. 
»  M.  Harris,  The  Isoelectric  Point  of  Wool,  B.  9.  Jour.  Research  vol.  8,  pp.  779-786,  1932. 
>  M.  Harris  and  T.  li.  Johnson,  Study  of  Silk  Fibroin  In  the  Dispersed  State,  Ind.  &  Eng.  Cbera.,  vol. 
22,  p.  965,  1930. 

*  H.  A.  Abramson,  The  Adsorption  of  Serum  Proteins  by  Quarts  and  Paraffin  Oil,  J.  Q«n.  Physiol., 
vol.  13,  pp.  169-177,  1929. 
!See  footnote  2. 
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The  silk  was  purified  as  follows:  A  sample  of  raw  China  silk  was 
boiled  successively  in  three  %  per  cent  solutions  of  soap  for  20 
minutes  each.  It  was  then  washed  with  distilled  water,  dilute 
ammonia,  dilute  hydrochloric  acid,  and  finally  repeatedly  with  dis- 
tilled water,  at  60°  C.    It  was  then  air  dried  for  24  hours. 

One  portion  of  the  purified  silk  was  ground  in  a  Wiley  mill.  The 
size  of  the  silk  particles  varied  from  5  ^  to  30  m-  A  small  amount  of 
the  ground  silk  was  shaken  vigorously  with  distilled  water,  and  the 
larger  particles  allowed  to  settle.  The  upper  portion  was  carefully 
decanted  and  used  for  one  set  of  measurements. 

A  second  portion  of  approximately  5  g  of  the  silk  was  dissolved  in 
50  ml  of  a  50  per  cent  solution  of  lithium  bromide  at  about  80°  C. 
The  solution  was  diluted  to  200  ml,  treated  with  a  few  drops  of 
toluene  to  prevent  bacterial  action  and  dialyzed  in  a  cellophane  bag 
against  distilled  water  until  it  gave  no  test  for  LiBr.  Approximately 
20  ml  of  the  resultant  solution  of  silk  was  diluted  to  200  ml  and  the 
purified  quartz  particles  described  below  were  added.  The  silkcoated 
quartz  thus  obtained  was  used  for  the  second  set  of  measurements. 

Quartz  particles  (size  range  5  n  to  20  n)  were  purified  as  described 
by  Abramson.6  Crude  quartz  powder  was  heated  with  a  cleaning 
solution  consisting  of  concentrated  sulphuric  acid  saturated  with 
sodium  dichromate  and  diluted  with  water,  for  about  30  minutes. 
The  particles  were  allowed  to  settle  and  the  excess  acid  carefully 
decanted.  A  large  amount  of  distilled  water  was  added  and  the 
quartz  suspension  was  filtered.  The  powder  was  washed  with  dis- 
tilled water  and  then  boiled  with  an  excess  of  normal  hydrochloric 
acid  and  allowed  to  settle.  It  was  again  filtered  and  washed  with 
water  for  48  hours. 

In  making  the  suspension  to  be  studied,  a  very  small  amount  of  the 
quartz  powder  was  added  to  the  silk  solution,  which  made  it  faintly 
cloudy. 

Portions  of  each  of  these  suspensions  were  mixed  with  equal  vol- 
umes of  the  following  buffer  mixtures 7  with  double  the  usual  con- 
centrations: pH  1.4  to  2.2,  potassium  chloride-hydrochloric  acid 
mixture;  pH  2.4  to  3.8,  acid  potassium  phthalate-hydrochloric  acid 
mixture;  pH  4.0  to  6.0,  acid  potassium  phthalate-sodium  hydroxide 
mixtures. 

III.  DISCUSSION  OF  RESULTS 

The  mobilities  of  the  particles  recorded  in  the  following  table  are 
the  averages  calculated  from  10  observations. 

Table  1. — Electro phoretic  mobility  of  silk  (relative  velocity) 


pll 

Ground 
silk 

Dissolved 
silk+ 
quartr 

Ground 
silk 

Dissolved 
9ilk+ 
quarts 

1.42 

+1.20 

+1. 14 

2.86 

-0.48 

-0.36 

1.84 

+.73 

\-.79 

3.00 

-.57 

-.58 

2.13 

+.48 

-.  37 

3.33 

-.88 

-.82 

2.30 

+.24 

-.26 

3.69 

-1.15 

-1.27 

2.M 

-.  14 

Kll 

4.21 

-1.37 

-1.40 

'  M.  Clark,  The  Determination  of  Hydrogen  Ions,  pp.  106-107,  Williams  &  Wilklns  Co. 
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These  data  are  shown  in  graphical  form  in  Figure  1 .  The  isoelectric 
point  of  silk  obtained  from  the  pH-mobility  curve  is  pH  2.5.  This 
value  is  in  good  agreement  with  the  values  obtained  by  Hawley  and 
Johnson  8  and  by  Harris  and  Johnson  9  but  not  in  agreement  with 
those  obtained  by  Meunier  and  Rey  10  and  Denham  and  Brash.11 

Hawley  and  Johnson  employed  a  U  tube  electrophoresis  cell  and 
obtained  values  in  the  range  from  pH  1.4  to  2.8.  Since  the  diameter 
of  the  cell  was  comparatively  large,  diffusion  and  convection  currents 


I  i  i  i  i  1  i  i  i  1  1  i  i  i  1  1 

1.0        1.5       2.0        2.5        3.0        3.5       4.0  4.5 

Fiourb  1. — pH-mobilily:  curve  for  silk 

made  it  difficult  to  detect  small  changes  in  protein  concentration  in 
the  anode  and  cathode  regions. 

Harris  and  Johnson  prepared  solutions  of  silk  fibroin  by  dissolving 
the  degummed  silk  in  concentrated  aqueous  solutions  of  lithium 
bromide  and  calcium  thiocyanate.  From  solubility  and  viscosity 
measurements,  values  ranging  from  pH  2.1  to  pH  2.4  were  obtained. 

*  T.  O.  Hawley  and  T.  B.  Johnson,  The  Isoelectric  Point  of  Silk  Fibroin,  Ind.  &  Eng.  Chem.,  vol.  22, 
pp.  297-299,  1930. 

•  M.  Harris  and  T.  B.  Johnson,  Study  of  the  Fibroin  from  Silk  in  the  Isoelectric  Region,  Ind.  &  Eng. 
Chem.,  vol.  22,  pp.  639-542,  1930. 

i*  L.  Meunier  and  Q.  Rey,  Determination  du  point  isoelectrique  de  la  laine  et  de  la  sole,  Compt.  rend, 

*  °n  W4  DeSum  Sid  W.  Brash,  The  Isoelectric  Point  of  Silk  Fibroin,  J.  Textile  Inst.,  vol.  18,  p.  T520-525, 

1927. 
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Meunier  and  Rey  reported  an  isoelectric  point  for  silk  at  pH  4.2. 
Their  results  were  based  on  the  swelling  of  the  fiber  in  solutions  of 
varying  hydrogen  ion  concentration.  The  curve  which  they  obtained 
is  flat  in  the  region  from  about  pH  3  to  pH  6  and  shows  no  well  defined 
point  of  minimum  swelling. 

Denham  and  Brash  studied  the  combination  of  acidic  and  basic 
radicals  with  the  silk  fibroin  when  the  latter  was  placed  in  solutions  of 
acids,  bases,  and  salts.  They,  too,  were  unable  to  obtain  a  definite 
isoelectric  point  and  concluded  from  their  experiments  that  it  lies 
between  pH  3.6  and  pH  4.0.  However,  there  is  ample  evidence  to 
show  that  the  combination  of  proteins  with  positive  and  negative 
ions  is  not  a  true  measure  of  the  isoelectric  point.  The  isoelectric 
point  is  a  point  of  minimum  and  not  zero  ionization.  Consequently 
the  protein  will  combine  with  both  positive  and  negative  ions  within 
a  certain  range  on  both  sides  of  the  isoelectric  point. 

The  low  isoelectric  point  of  silk  shows  it  to  be  one  of  the  most  acid 
proteins  known.  This  is  in  accordance  with  some  of  the  properties 
of  silk.  Meunier  and  Rey  12  found  silk  to  contain  only  7  parts  of 
amino  nitrogen  per  10,000.  The  pronounced  affinity  of  silk  for  basic 
dyestuffs  is  further  confirmation  of  the  predominance  of  its  acidic 
nature. 

The  shape  of  the  pH-mobility  curve  is  of  interest,  and  shows  that 
the  acidic  and  basic  properties  are  less  pronounced  than  those  of  wool.13 
Any  changes  with  pH  which  occur  near  the  isoelectric  point  are  only 
gradual.  This  accounts  for  the  large  isoelectric  range  obtained  by 
workers  who  have  used  less  sensitive  methods. 
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EFFECTIVE  APPLIED  VOLTAGE  AS  AN  INDICATOR  OF 
THE  RADIATION  EMITTED  BY  AN  X-RAY  TUBE 

By  Lauriston  S.  Taylor,  G.  Singer,  and  C.  F.  Stoncburncr 


ABSTRACT 

A  previous  study  1  suggested  a  parallelism  between  the  applied  effective  volt- 
age and  the  emission  of  an  X-ray  tube.  The  investigation  has  been  carried 
further  under  more  carefully  controlled  conditions.  It  is  found  for  two  mechani- 
cal rectifiers  and  one  "constant  potential"  generator  that  the  X-ray  emission 
per  effective  (root -mean-square)  millianipcre  of  tube  current  is  about  the  same 
for  all  generators  operating  at  the  same  effective  (r.  m.  s.)  voltage  (the  radiation 
passing  through  the  same  filter  in  all  cases).  Thus  it  becomes  possible  to  express 
all  radiations  in  terms  of  that  excited  by  constant  potential.  This  leads  to  a 
simplification  in  the  description  and  reproduction  of  irradiation  conditions  in 
biological  work.  Although  the  study  has  been  limited  to  three  generators,  it  is 
believed  that  they  are  sufficiently  typical  to  warrant  generalization. 
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I.  INTRODUCTION 

In  a  recent  study  the  energy  emitted  by  an  X-ray  tube,  as  meas- 
ured by  an  ionization  chamber,  was  found  to  be  very  different  when 
excited  by  different  types  of  high  voltage  generators  furnishing  the 
same  average  tube  current  and  peak  voltage  (as  measured  by  a 
sphere  gap).  But  it  was  further  found  that  for  the  same  average  cur- 
rents and  the  same  effective  voltage  2  of  the  generators,  the  emission, 
as  measured  by  the  ionization  chamber,  is  approximately  the  same. 

The  total  energy  in  an  X-ray  spectrum  devoid  of  characteristic 
lines  varies  as  the  square  of  the  instantaneous  applied  voltage,  and 
hence  for  a  known  voltage  wave  form  the  total  energy  and  its  wave- 
length distribution,  for  the  period  of  a  complete  cycle,  is  calculable. 
Because  of  the  presence  of  tungsten  line  radiation  about  70  kv,  it  is 
not  yet  practicable  to  predict  the  total  X-ray  energy  by  integrating 
over  one  cycle  of  the  voltage  wave.  In  the  present  work  the  X-ray 
emission  per  unit  tube  current,  as  it  varies  with  peak  voltage,  with 
average  voltage,  and  with  effective  voltage  per  unit  tube  current  is 
riven  for  more  carefully  controlled  and  wider  ranges  of  conditions. 
This  is  expressed  in  terms  of  the  X-ray  emission  per  milliampere. 

»  L.  8.  Taylor  and  K.  L.  Tucker,  B.  S.  Jour.  Research,  vol.  9(RP  475),  p.  333, 1932. 
»  Effective  voltage  la  mathematically  the  same  as  root-mean-square  (r.  m.  s.)  voltage. 
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II.  APPARATUS 

Thus  far  three  generators  have  been  used,  designated  by  A,  B,  and 
C  as  in  the  preceding  work.3  A  is  a  full  wave  mechanical  rectifier 
having  a  single  high  tension  transformer,  and  rectifying  over  approx- 
imately 30  degrees  of  cycle;  B  is  also  a  full  wave  mechanical  rectifier 
but  with  a  divided  high  tension  transformer  (two  transformers  in  a  sin- 
gle tank),  and  rectifying  over  approximately  20  degrees  of  the  cycle; 
&  is  a  valve-tube-condenser  ripple  potential 4  generator  (so-called 
"constant  potential")  having  a  ripplage  of  about  2  per  cent  per 
milliampere.  The  three  generators  could  be  interchangeably  con- 
connected  to  the  same  X-ray  tube. 


Figure  1. — Apparatus  showing  voltage  and  current  measuring  equipment 


1.  CURRENT  MEASUREMENTS 

The  arrangement  of  the  apparatus  is  indicated  in  Figure  1.  Aver- 
age current  through  the  tube  is  measured  in  the  usual  manner  by  a  d.  c. 
milliammeter  A;  and  the  effective  current  by  an  a.  c.  milliammeter, 
B.  For  this  purpose  a  thermo  milliammeter  alone  was  available. 
This  was  protected  from  high-frequencv  oscillations  by  iron  core 
chokes,  L,  naving  a  d.  c.  resistance  of  a  fraction  of  an  ohm;  a  nonin- 
ductive  resistor,  r,  of  about  10,000  ohms,  and  a  1/20  n(  capacitor,  C. 

»  See  footnote  1,  p.  Ml. 

*  The  term  "constant  potential"  has  heen  used  loosely  to  describe  the  potential  supplied  by  kenotron 
of  other  valve  tube  rectification.  A  more  accurate  designation  of  a  voltage  which  is  not  constant  in  fact 
but  fluctuate  slightly  about  a  certain  average  value  is  "ripple  voltage."   Thus  by  a  "ripple  quantity" 

(jwtential  or  current)  is  meant  a  simple  periodic  quantity  f-  l  »+  V\  sin  (i*r+ai)  +  l'jsin  (2u»r+aiH  

in  which  the  constant  term  ( \\)  is  so  large  that  all  values  of  the  quantity  are  positive  (or  negative).  The 
amount  of  ripple  ("ripplage"  or  "ripplanoe")  in  a  ripple  quantity  is  the  ratio  of  the  difference  between 
the  maximum  and  minimum  values  of  the  quantity  to  the  average  value.  Theae  definitions  are  under 
consideration  by  the  Committee  on  Electrical  Definitions  of  the  American  Standards  Association  under 
the  sponsorship  of  the  A.  1.  E.  E. 
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Since  the  resistance  of  the  meter,  B,  was  only  about  20  ohms,  this 
shunt  system  served  as  a  very  effective  filter  against  high-frequency 
oscillations  in  the  high-tension  system,  without  affecting  the  sensi- 
tivity. 

Excessive  high-frequency  oscillation  when  using  the  mechanical 
rectifiers  caused  difficulty  in  peak-voltage  measurements  with  the 
sphere  gap,  but  this  was  largely  ehminated  by  placing  two  1/2- 
megohm  inductively  wound  surge  resistors,  r2,  immediately  next  to 
the  rectifier  switches,  giving  smoother  operation  of  the  equipment 
and  more  consistent  peak  voltage  measurements.  After  raising  the 
generator  voltage  sufficiently  to  compensate  for  the  potential  drop 
across  the  resistors,  it  was  found  that  their  presence  did  not  alter  the 
tube  output  in  any  way. 

With  generator  C,  the  same  resistors  were  used  for  the  purpose  of 
limiting  the  current  in  case  of  slight  tube  gassing  or  when  using  a 
sphere  gap  for  measuring  the  voltage.  It  was  found  that  they  raised 
very  materially  the  voltage  limit  at  which  a  given  tube  would  operate 
satisfactorily. 

2.  VOLTAGE  MEASUREMENTS 

Peak  voltage  of  all  three  generators  was  measured  by  the  gap 
between  12.5  cm  spheres,  protected  by  a  water  resistance  r3,  of  the 
order  of  5  megohms  to  prevent  heavy  arcing  at  the  gap  and  conse- 
quent tripping  of  circuit  breakers. 

Average  voltage  was  measured  by  means  of  a  d.  c.  microameter, 
E,  in  a  series  with  a  shielded  high  voltage  resistor  of  150  mehohms,* 
the  meter  being  at  the  center  of  the  resistance  so  as  to  be  at  or  near 
ground  potential.6 

Effective  voltage  was  measured  by  means  of  a  150-volt  calibrated 
Kelvin  multicellular  electrostatic  voltmeter,  D,  shunted  across  a 
resistance,  r4,  of  75,000  ohms.  Since  its  potential  was  likely  to  be 
different  from  ground,  it  was  necessary  to  shield  it  by  a  metal  case 
having  the  same  potential  as  one  of  its  terminals. 

It  should  be  stated  here  that  the  insertion  of  the  high-voltage 
resistor,  R,  across  the  line  has  no  noticeable  influence  upon  the  opera- 
tion of  the  high-tension  generators  because  the  current  it  shunts  off 
is  very  small.  This  fact  is  of  course  essential,  since  a  wave  form 
very  different  from  that  under  normal  operating  conditions  may 
otherwise  result. 

3.  RADIATION  MEASUREMENTS 

The  X-ray  emission  was  measured  by  means  of  a  thimble  chamber, 
kept  in  a  fixed  position  with  respect  to  the  tube  throughout  the  study. 
The  beam  was  in  all  cases  filtered  by  0.525  mm  of  copper,  the  wall 
effect  of  the  chamber  being  negligible  for  the  transmitted  radiation. 

No  other  determination  of  radiation  quality  was  undertaken,  as 
the  previous  study7  indicated  what  was  to  be  expected  under  the 
operating  conditions  employed  here,  namely,  all  beams  having  the 
same  effective  voltage  and  filtration  and  giving  equal  intensities 
have  approximately  tne  same  quality  (whether  expressed  in  the  half- 
value  layer  of  copper,  copper  absorption  coefficient,  or  effective 
wave  length). 

»  L.  S.  Taylor,  B.  S.  Jour.  Kcs*arch,  vol.  5  (RP217),  p.  009,  U>30. 

•  The  voltage  on  the  high-tension  conductors  is  seldom  divided  equally  above  and  below  ground  poten- 
tial, although  the  error  in  measurement  introduced  by  grounding  the  resistor  at  the  center  is  very  small. 
»  L.  8.  Taylor  and  K.  L.  Tucker.  See  footnote  1,  p.  561. 


Digitized  by  Google 


564  Bureau  oj  Standards  Journal  of  Research  \  ru. » 

III.  EXPERIMENTAL  RESULTS 

In  this  study,  to  eliminate  the  effect  of  variation  in  operation, 
simultaneous  values  were  obtained  for  (1)  average  current,  (2)  effective 
current,  (3)  peak  voltage,  (4)  average  voltage,  (5)  effective  voltage, 
and  (6)  X-ray  tube  output  for  a  constant  Alteration  of  0.525  mm  of 
copper,  the  average  current  (the  quantity  measured  in  practice) 
serving  as  independent  variable. 

In  Figure  2,  groups  A  and  B  show  the  tube  emission,  expressed 
in  terms  of  the  ionization  current  per  average  milliampere  (I/ma 
(average)),  as  a  function  of  peak  voltage  for  generators  A  and  B, 
respectively,  and  for  different  tube  currents,  2.  3,  4,  and  5  ma.  With 
generator  B  it  is  seen  that  for  a  given  peak  voltage,  the  value  of  I/ma 
(average)  varies  from  10  to  15  per  cent  in  changing  the  operating 
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Figure  2. — Relationship  between  X-ray  tube  emission  per  average  milliampere, 

and  the  applied  peak  voltage 

A,  B,  mechanical  rectifier?;  C.  constant  potential. 


tube  current  by  1  mA.  This  is  not  unexpected  since  the  generator 
wave  form  depends  to  a  large  extent  upon  the  power  drawn  from  the 
generator.  It  is  obvious  from  these  curves  that  it  may  be  very 
misleading  to  attempt  to  deduce  the  emission  of  an  X-ray  tube  from 
current  and  peak  voltages  alone.  For  generator  A,  I/ma  (average) 
varies  erratically  with  peak  voltage  under  different  operating  currents. 

Figure  2,  curve  C  in  both  groups  is  from  generator  C  ("constant 
potential")  for  a  tube  current  of  4  ma.  Since  the  peak  voltage  of  this 
generator  does  not  vary  appreciably  with  tube  current  (average 
voltage  being  kept  constant),  a  single  curve  embodies  the  results. 
It  is  seen  that  for  the  same  peak  voltage  there  is  a  large  difference 
between  the  X-ray  emission  of  generator  C  (curve  Q  on  the  one 
hand  and  that  of  generators  A  and  B  (curves  A  and  B)  on  the  other. 
To  obtain  the  same  X-ray  emission  from  generators  A  and  B  as  from 
generator  C,  the  peak  voltage  of  A  and  S  must  be  very  much  larger 
than  that  of  C,  depending  upon  the  operating  current. 
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If,  for  the  same  radiations  plotted  in  Figure  2,  we  plot  instead  the 
ionization  per  average  milliampere  against  the  average  voltage,  cor- 
responding curves,  A,  B,  and  C  in  Figure  3  are  obtained.  It  will  be 
noted  that  I/ma  (average)  again  vanes  with  the  tube  current.  In 
the  case  of  generator  A  the  values  of  //ma  (average)  vary  from  about 
2  to  8  per  cent  in  changing  the  operating  current  by  1  ma.  This 
percentage  change  becomes  smaller,  however,  in  going  to  higher 
average  voltages,  whereas,  when  the  potential  is  measured  in  peak 
kilovolts,  the  changes  become  larger  at  higher  voltages. 

In  the  case  of  generator  B  the  same  general  results  obtain.  The 
variation  of  //ma  (average)  with  tube  current  at  a  given  average 
voltage  is,  however,  much  greater  at  lower  potential  than  for  A  while 
at  higher  potentials  it  is  about  the  same. 


1 

9 
* 

T  if 

<V 

7ff/.' 

J>0© 
IM 

— w  1  ■ 
a 

a 

w 

* 

7 

/"///* 

/J//i 
f  xi/i 

//Ji 

/Ji 

'/> 

ft 

t 

1— 0  ,_ 
< 

Z 

o 

i 

A 

f 



•  00 
SO 

///■/ 

//  '•■< 

'///' 

//' 

A 

/  /</' 

S  //* 

ft 
* 

B 

'C 

LOVOLTJ 

1  _ 

• 

iuovOlt 

\  IAVCRA 

1 

•  0             110              HO            >M  ■ 

0 

0            00  • 

o         i»o  iio 

Figure  3. — Relationship  between  X-ray  tube  emission  per  average  milliampere, 

and  the  applied  average  voltage 

A,  B,  mechanical  rectifiers;  C,  "constat) tjpotential. 

It  is  seen  that,  while  the  curves  for  A  and  B  differ  with  tube  cur- 
rent, they  all  lie  in  the  region  of  curve  C  (dashed)  as  contrasted  to 
the  corresponding  curves  of  Figure  2  for  peak  voltages.  Thus,  if  the 
current  and  voltage  for  all  three  generators  be  measured  in  terms  of 
average  milliamperes  and  average  kilovolts  (that  is,  by  using  d.  c. 
instruments),  the  tube  emission  per  milliampere  is  in  all  cases  of  the 
same  order  of  magnitude. 

Using  effective  milliamperes  and  effective  kilovolts,  curves  for 
generators  A,  B,  and  C  for  the  X-ray  emission  per  effective  milli- 
ampere are  given  in  Figure  4. 

It  should  be  pointecfout  that  for  the  comparatively  small  ripplage 
present  in  the  voltage  of  generator  C,  the  difference  between  the 
average  and  effective  voltage  is  so  small  that  it  may  be  neglected. 
Likewise  their  variation  with  tube  current  is  negligible;  hence,  a 
single  curve  for  //ma  (effective)  gives  a  satisfactory  basis  of  com- 
parison. 

In  the  case  of  generator  A  the  change  in  emission  per  milliampere, 
as  the  operating  current  is  varied,  is  present  and  somewhat  erratic  as 
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in  the  case  of  the  peak  voltage  curves.  The  percentage  change,  how- 
ever, is  the  least  of  the  three  cases  given.  Similarly  in  the  case  of 
generator  B  the  change  is  present,  but  again  to  the  least  degree. 

Of  prime  importance,  however,  is  the  fact  that  the  curves  (fig.  4) 
for  both  generators  A  and  B  lie  very  closely  along  the  curve  for  con- 
stant potential — much  more  closelv  at  the  higher  voltages  than  those 
in  Figure  3  for  average  current  and.  voltage  measurements.  It  is  con- 
cluded that,  for  equal  effective  X-ray  tube  currents  and  equal  effec- 
tive voltages,  the  emission  per  milliampere  will  be  sufficiently  near 
the  same  with  all  three  generators,  for  the  effective  current  anil  volt- 
age to  be  used  as  characteristic  of  the  X-ray  emission. 

Since  the  emission  per  milliampere  for  all  strictly  constant  potential 
generators  is  the  same,  it  is  logical  that  it  be  referred  to  as  a  base. 
By  means,  then,  of  the  effective  current  and  effective  voltage  mea- 


Figure  4. — Relationship  between  X-ray  tube  emission  per  effective  milliampere, 

and  the  applied  effective  voltage 


A,  B,  mechanical  rectifiers;  broken  line  curve,  constant  potential. 

surements  described,  it  is  possible  to  relate  consistently  the  X-ray 
emission  excited  by  the  various  types  of  generators. 

It  is  possible  to  trace  the  residual  variation  in  X-ray  emission  per 
milliampere  at  lower  voltages  with  the  operating  current,  largely  to 
the  current-voltage  characteristics  of  tne  X-ray  tube.  This  will 
account  also  for  the  divergence  from  the  constant  potential  base  line. 
Figure  5  shows,  for  various  applied  constant  potentials,  the  tube  cur- 
rent curves  for  three  values  of  the  filament  current,  It  is  seen 
that,  since  the  tube  current  is  still  increasing  about  5  per  cent  per  30 
kilo  volts  at  120  kilo  volts,  saturation  is  not  attained.  Consequently, 
with  the  application  of  a  varying  voltage  to  the  tube,  the  effective  cur- 
rent is  bound  to  depend  upon  the  voltage  wave  form  to  a  varying 
degree. 

This  is  illustrated  in  Figure  6  where  curves  a  and  b  are  two  hypo- 
thetical tube  current  characteristics,  the  second  of  which  is  ideal  in 
that  it  reaches  saturation  at  a  comparatively  low  voltage.  Curves 
D,  E,  and  F  represent  three  types  of  generator  voltage  wave  form 
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having  the  same  effective  voltage,  e,  which,  when  applied  to  tubes 
having  characteristics  a  and  6,  produce  the  tube  current  wave  forms 
a'  and  6',  respectively,  for  each  associated  voltage  wave.    In  each  of 
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Fiqurb  5. — Tube  current — tube  voltage  characteristics 


the  cases  it  is  seen  that  the  effecitve  current  ia  for  tube  characteristic 
a  is  lower  than  the  effective  current  ib  for  characteristic  6.  Moreover, 
the  magnitude  of  this  difference  depends  upon  the  generator  voltage 
waveform  as  shown. 


Figure  6. — Effect  of  tube  characteristic  and  generator  wave  form  on  the  effective 

tube  current 


To  compare  the  explanation  above  with  the  results  found,  we  note 
that  the  experimentally  determined  tube  characteristics  in  Figure  5 
are  similar  to  a  in  Figure  6;  hence,  the  tube  current  measured  in 

137718—32  8 

Digitized  by  Google 


568  Bureau  of  Standards  Journal  of  Research  i  vu.  b 

effective  amperes  is  less  than  it  would  have  been  had  the  tube  reached 
saturation  at  as  low  voltage  as  for  characteristic  6. 

In  Figure  4  the  emission  per  effective  milliampere — which  is  plotted 
against  effective  kilovolts — would  accordingly  have  been  less  with  an 
ideal  characteristic  such  as  6.  In  other  words,  the  curves  plotted 
would  have  fallen  more  nearly  along  the  constant  potential  curve  C. 
(Fig.  4.) 

To  show  the  relationship  between  peak  and  effective  kilovolts  for 
different  tube  currents,  the  curves  A  and  B  in  Figure  7  were  obtained 
for  the  correspondingly  designated  generators.  The  straight  dashed 
hues  in  each  set  of  curves  represent  the  ratio  of  peak  to  effective 
voltage  (kv  (peak)  =  1.41  kv  (effective))  for  a  sine  wave.  It  is  seen 
that  tnere  is  no  simple  relationship  between  the  two  voltage  measure- 
ments as  in  the  case  of  a  sine  wave. 


Figure  7. — Relationship  between  peak  and  effective  kilovoltefor  two  mechanical 

rectifiers 


Such  a  set  of  curves  is  very  useful  when  interpreting  the  behavior 
of  a  particular  generator  under  different  conditions.  This  was  dem- 
onstrated in  some  earlier  work  8  when  comparing  the  output  of  gen- 
erators A  and  B. 

The  curves  also  furnish  some  inference  as  to  the  generator  wave 
form,  particularly  above  the  point  where  the  tube  current  character- 
istic plays  an  important  r61e.  Thus,  where  the  points  lie  below  the 
line  kv  (peak)  =  1.41  kv  (effective),  they  indicate  a  flat-topped  voltage 
wave  form  relative  to  a  Bine  wave;  where  they  he  above  that  line,  a 
relatively  narrow  or  peaked  wave  form  is  indicated.  These  relations, 
though  only  qualitative,  are  of  help  in  properly  adjusting  the  phase 
position  of  the  switches  on  a  mechanical  rectifier  for  optimum  X-ray 
tube  emission. 


'  See  Figure  16  with  eiplaoation  in  paper  by  L.  S.  Taylor  and  K.  L.  Tucker.   (See  footnote  1,  p.  Ml.) 
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IV.  DISCUSSION 

There  has  been  considerable  confusion  in  interpreting  the  physical 
magnitudes  involved  in  the  therapeutic  use  of  high-voltage  X  rays. 
The  greatest  single  factor  contributing  to  this  confusion  has  been  the 
voltage  measurement,  since  it  has  been  sometimes  assumed  that  a 
given  X-ray  tube,  activated  by  the  same  voltage  (by  sphere  gap  meas- 
urement) and  passing  equal  average  currents,  should  yield  the  same 
X-ray  emission  for  all  similar  generators.  We  have  shown  here, 
however,  that  the  emission  may  differ  by  ±  20  per  cent  under  sup- 
posedly like  conditions. 

Although  a  difference  existing  between  mechanical  and  constant 
potential  rectifiers  has  been  generally  recognized,  there  has  been 
uncertainty  as  to  any  exact  relationship  between  them,  with  the  result 
that  few  attempts  have  been  made  to  correlate  treatment  factors  for 
the  two  machines.  There  has  been  even  a  belief  that  the  radiation  of 
one  could  not  be  clinically  reproduced  by  the  other.  The  experiments 
described  here  show  that  botn  generators  may  be  made  to  produce  the 
same  emission  (as  far  as  may  be  deduced  from  absorption  measure- 
ments in  copper  or  paraffin)  when  the  tube  potentials  are  properly 
adjusted. 

The  present  study  has  been  limited  thus  far  to  mechanical  and 
"constant  potential"  rectifiers.  While  it  is  believed  by  some  that 
mechanical  rectifiers  will  probably  be  displaced  by  valve-tube  recti- 
fiers, the  study  is  of  no  less  value,  since  with  the  great  variety  of 
valve-tube  circuits  in  use  there  is  an  equal  variety  of  voltage  wave 
forms  produced,  none  of  which  may  be  readily  correlated  as  far  as 
they  affect  the  X-ray  output  of  a  tube.  For  example,  in  addition  to 
"constant  potential"  there  will  be  half-wave,  full-wave,  and  poly- 
phase rectifiers  and  voltage  doubling  circuits,  such  as  the  La  Tour  and 
Villard  systems.  In  some  of  these  the  wave  form  depends  upon  load 
to  a  greater  extent  than  in  others  and,  as  a  consequence,  measure- 
ments of  peak  voltage  alone  will  lead  to  similar  discordance  now 
encountered  in  mechanical  rectifiers. 

This  study  reveals  that,  when  the  generator  potential  is  measured 
in  effective  kilovolts,  the  X-ray  emission  of  a  tube  is  equivalent  to 
that  produced  by  very  nearly  the  same  constant  potential.  It  is  thus 
possible  to  express  the  emission  in  terms  of  that  obtainable  from  a 
constant  potential  source. 

Expressing  tube  potential  in  effective  kilovolts  simplifies  the  method 
of  expressing  radiation  quality.  For  example,  when  describing  radia- 
tion quality  in  terms  of  the  "half-value  layer  of  copper"  it  is  recog- 
nized as  necessary  to  also  state  the  voltage.  However,  as  voltages 
are  now  measured,  even  this  is  inadequate  due  to  the  effect  of  wave 
form.  To  correctly  indicate  quality  by  the  usual  absorption  methods, 
the  effective  voltage  should  be  stated — not  the  peak  voltage. 

The  cordial  cooperation  of  the  Radiological  Research  Institute  and 
of  the  American  X-ray  equipment  manufacturers  in  this  work  has 
been  very  helpful. 

Washington,  June  17,  1932. 
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COLUMN  CURVES  AND  STRESS-STRAIN  DIAGRAMS 

By  William  R.  Osgood 


ABSTRACT 

The  only  important  column  formula  which  rests  on  a  strictly  theoretical  basis 
is  the  Considere-Engesser  formula,  which  includes  the  Euler  formula  as  a  special 
case.  Attempts  have  been  made  to  underpin  by  a  general  theoretical  foundation 
other  essentially  empirical  formulas,  notably  the  Rankine  formula;  but  the*e  at- 
tempts have  not  been  successful.  It  would  be  very  satisfying,  however,  if  these 
empirical  formulas  could  be  shown  to  be  reasonable  special  forms  of  the  Considere- 
Engesser  formula.  Any  column  formula  for  centrally  loaded  columns  is  a  special 
case  of  the  Considere-Engesser  formula  provided  the  compressive  stress-strain 
diagram  has  a  certain  definite  shape.  The  present  paper  examines  a  few  of  the 
commonest  types  of  empirical  formulas  and  determines  the  shape  of  the  stress- 
strain  diagram  in  each  case  which  makes  them  compatible  with  the  Considere- 
Engesser  theory. 


The  only  column  formula  which  rests  on  a  strictly  theoretical  basis 
and  which  at  the  same  time  is  of  practical  importance,  in  the  sense 
that  tests  confirm  the  theory,  is  the  Considere-Engesser  formula,1 
which  includes  the  Euler  formula  as  a  special  case.  Attempts  have 
been  made  to  underpin  by  a  general  theoretical  foundation  other 
formulas,  essentially  empirical,  notably  the  Rankine  formula;  but  no 
successful  attempt  has  yet  been  made.  It  would  be  very  satisfying, 
however,  if  these  empirical  formulas  could  be  shown  to  be  reasonable 
special  forms  of  the  Considere-Engesser  formula.  Any  column  for- 
mula for  centrally  loaded  columns  is  a  special  case  of  the  Considere- 
Engesser  formula,  provided  the  compressive  stress-strain  diagram  of 
the  material  has  a  certain  definite  shape.  It  is  the  purpose  of  the 
present  paper  to  examine  a  few  of  the  commonest  empirical  formulas 
and  to  determine  the  necessary  shape  of  the  stress-strain  diagram  in 
order  that  these  formulas  may  be  compatible  with  the  Considere- 
Engesser  theory.  A  somewhat  similar  investigation  has  been  carried 
out  by  P.  M.  Frandsen,2  but  he  refers  the  empirical  formulas  back  to 
the  Engesser  formula.3 

>  Developed  in  1888  and  the  yean  following  by  A.  Consider*,  Fr.  Engesser,  and  F.  Jasinski;  re-preaented 
Independently  by  Theo.  v.  Karman,  Mitteilungen  Qber  Forschungsarbeiten,  Verein  deutscher  Ingenieure, 
Heft  81,  Berlin,  Julius  Springer,  1910,  and  by  R.  V.  .Southwell,  Engineering,  vol.  94,  p.  349,  London,  Aug. 
23,  1912. 

»  Den  Teknisk  Forenings  Tidsskrift,  Haefte  19,  p.  139,  Copenhagen,  Sept.  15,  1920. 

« Zeitachrift  dee  hannoveriscben  Architekten-  und  Ingenieur- Verein,  vol.  35,  p.  455, 1889. 
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The  following  notation  will  be  used : 

P  =  the  load  on  the  column  at  failure  by  buckling. 

A  =  the  cross-sectional  area  of  the  column. 
p 

a=^  =  the  average  normal  stress  on  the  cross  section  at  failure. 

Z  =  the  "free  length"  of  the  column,  the  distance  between  two 
successive  points  of  inflection  of  the  center  line. 

i  —  the  least  radius  of  inertia  or  radius  of  gyration  of  the  cross 
section  of  the  column,  measured  parallel  to  the  plane  of 
bending. 

E=the  modulus  of  elasticity  of  the  material  of  the  column. 
#'  =  the  "tangent  modulus r'  at  the  stress  a;  that  is,  E'  is  the 
slope  of  the  compressive  stress-strain  diagram  at  the 
stress  a. 
EI  ±EI 

— »  where  Ix  is  the  moment  of  inertia  about  the  axis 

of  average  stress  of  the  part  of  the  cross-sectional  area 
which  suffers  an  increase  of  stress  at  the  instant  of  failure 
of  the  column,  I2  is  the  moment  of  inertia  about  the  axis 
of  average  stress  of  the  part  of  the  cross-sectional  area 
which  suffers  a  decrease  of  stress  at  the  instant  of  failure  of 
the  column,  and  I^Ai2  is  the  moment  of  inertia  of  the  total 
cross-sectional  area  of  the  column  about  the  gravity  axis 
perpendicular  to  the  plane  of  bending;  the  position  of  the 
axis  of  average  stress  is  denned  by  the  relation  E'S\ 
=  ESif  where  Si  and  S2  are  the  statical  moments  about 
the  axis  of  average  stress,  respectively,  of  the  two  parts 
of  the  cross-sectional  area  just  mentioned  in  connection 
with  7i  and  72« 
e  =  the  strain  due  to  the  stress  <r. 
<r„  =  the  short-column  strength  of  the  material,  to  be  taken  as 
the  yield  point  in  the  case  of  ductile  materials.  (See 
Appendix  II.) 

Et 
<«=  —  • 

<ru 

<r,  =  the  stress  above  which  Euler's  formula  ceases  to  apply, 
strictly  the  proportional  limit  of  the  material,  but  prac- 
tically likely  to  be  considerably  above  the  actual  propor- 
tional limit. 

!<ru 

Cn,  Cs,  constants. 

The  assumptions  underlying  the  Considere-Engesser  theory  are 
that  the  material  is  homogeneous,  cross  sections  remain  plane,  the 
stress-strain  relation  for  increasing  strain  is  the  same  as  that  given  by 
the  stress-strain  diagram,  the  stress-strain  relation  for  decreasing 
strain  is  given  by  a  line  parallel  to  the  tangent  to  the  stress-strain 
diagram  at  the  origin,  the  axis  of  the  column  is  straight,  the  cross 
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section  of  the  column  is  uniform  throughout  the  free  length,  and  the 
loading  is  axial. 

The  Considere-Engesser  formula  may  be  written 

:*  (1) 


In  order  that  any  empirical  formula  expressible  as 


{-/M  (2) 


give  the  same  relation  between  a  and  \  as  the  Considere-Engesser 

x 


formula,  we  must  have 


(3) 


where  (  is  given  by  (2).  The  stress-strain  diagram  must  satisfy  this 
equation. 

E  is  a  function  not  only  of  the  slope  of  the  stress-strain  diagram  at 
(«,  <x)  but  also  of  the  shape  of  the  cross  section,  and  no  general  reduc- 
tion of  equation  (3)  is  possible.  Fortunately, Jiowever,  the  effect  of 
the  shape  of  the  cross  section  on  the  value  of  E  does  not  vary  greatly 
for  cross  sections  ordinarily  used  which  have  an  axis  of  symmetry 
perpendicular  to  the  plane  of  bending.4  It  can  be  shown  that  E  is 
smaller  for  the  idealized  H  section  (negligible  web,  flanges  thin  com- 
pared to  distance  between  them)  with  the  plane  of  bending  normal  to 
the  flanges  than  for  any  other  section  witn  the  symmetry  just  men- 
tioned. Consequently,  if  E  for  the  H  section  is  used,  equation  (1) 
will  give  results  on  the  safe  side  for  all  symmetrical  sections,  and 
equation  (3)  may  be  reduced  with  the  assurance  that  the  results 
obtained  represent  limiting  values  for  such  sections.  The  value  of  E 
for  the  idealized  H  section  is  * 

(4) 


which,  substituted  in  equation  (3),  with  ^=37'  gives 


de  ,  1  (5) 


and  this  is  the  equation  of  the  stress-strain  curve  if  equation  (2)  is 
to  represent  a  theoretically  possible  column  formula. 


•  See  Appendix  I. 

«  KArrofm  (see  footnote  1.  p.  571). 
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Instead  of  integrating  equation  (5)  for  various  functions  \  =/  (<r), 

% 


it  is  preferable  for  comparative  purposes  to  introduce  the  nondi- 

monainnnl  rorioKloo  • 


mensional  variables 

R*        <r         1  Z  l~ 

(6) 


E 


In  terms  of  these  quantities  equations  (1)  and  (5)  become 

i  E 

and 

1  2_ 
8    X2  '  de+  1 
ds 


(7) 


(8) 


where  in  the  latter  equation  X  is  a  given  function  of  *;  (7)  is  the  equa- 
tion of  a  curve  obtained  from  the  column  curve  by  dividing  the  aver- 
age stresses  by  au  and  the  slenderness  ratios  by  x  ^ — ,  and 
(8)  is  the  equation  of  a  curve  obtained  from  the  stress-strain  curve 
by  dividing  the  stresses  by  <ru  and  the  strains  by  g« 

In  the  Euler  range,  for  which  E  =  E,  equation  (7)  reduces  to 

and  equation  (8)  becomes,  with  the  use  of  equations  (6) 

s  =  e  (10) 

For  values  of  s  above  sp;  that  is,  above  the  Euler  range,  for  a  con- 
tinuous stress-strain  diagram  the  solution  of  (8)  becomes 

The  reduced  stress-strain  diagram  represented  by  equations  (10) 
and  (11)  will  now  be  considered  for  some  empirical  column  formulas. 

The  parabolic  or  hyperbolic  type  of  formula. — A  common  type  of 
formula  is  one  of  the  form 

a  =  a„[l-<7.({)"]  (12) 
the  curve  represented  by  (12)  is  tangent  to  the  Euler  curve  at  a  -  n~+2c*' 

•  The  first  of  these  has  been  used  by  K.  Hohenemser  (ZeiUchrift  fur  angewandte  Mathematik  und 
Mechanik,  vol.  11,  p.  15,  February,  1931),  the  second  has  been  used  several  times  l>efore  and  is  obvious,  and 
the  third  has  been  used  by  L.  B.  Tuckerman,  the  late  S.  N.  Petrenko,  and  C.  D.  Johnson  (National 
Advisory  Committee  for  Aeronautics,  Technical  Note  No.  307,  Washington,  D.  C). 
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TVith  this  value  of  (7„  in  terms  of  the  variables  defined  by  (6),  equa- 
tion (12)  becomes 

which  applies  for  — ^  ^  s  ^  1 .    Figure  1  shows  the  curves 


a/ 


0.4        M        12  /.6 

X 

Figure  1. — Reduced  column  curves  of  several  types 

represented  by  equation  (9)  (marked  Euler)  and  equation  (13)  for 
different  values  of  n.    Equation  (13)  solved  for  X  gives 

X-g^H  <!-.>*  (14) 
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and  substitution  of  this  expression  in  equation  (11)  gives  finally 

(15) 


e 


n 


for  values  of  s  from  to  inclusive.  For  s  less  than  or  equal  to 
«P=^P2  equation  applies. 
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Figure  2. — Reduced  compressive  stress-strain  diagrams  corresponding  to 

the  column  curves  of  Figure  1 

Figure  2  shows  the  curves  represented  by  equation  (10)  (marked 
Euler)  and  equation  (15)  for  different  values  of  n. 
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1 

The  case  n  =  -^  represents  a  column  formula  which  experience  has 

shown  to  be  suitable  for  brittle  materials  like  cast  iron.  (See  fig.  1.) 
Equation  (15)  becomes 

512   p    ds         ^2  /lflX 

€=^JHsjr=Ty-8+5  <l6> 

which  reduces  to 

,  =  0a638[3^  +  2lr^  +  14-,  +  logT^-J-«  +  0.1877  (17) 

applicable  for  ^  ^8^1.    (See  fig.  2.) 

The  case  n  =  1  represents  a  column  formula  suitable  for  common 
grade  wood.   (See  fig.  1.)   Equation  (15)  becomes 

f  =  27jHS-(l^)J"S+3  (l8) 

which  reduces  to 

«-  ^(i4r,+I««rh)"*+ 04276  (19) 

applicable  for-         1.    (See  fig.  2.) 

The  case  n  =  2  represents  a  column  formula  suitable  for  ductile 
materials  like  mild  steel.    (See  fig.  1.)    Equation  (15)  becomes 

which  reduces  to 

e  =  2lo-l^Ts  +  1  (21) 

applicable  for  ~  £s£  1.    (See  fig.  2.) 

The  case  n  =  4  represents  a  column  formula  suitable  for  hard 
materials  like  hard  steel.    (See  fig.  1.)    Equatipn  (15)  becomes 


which  reduces  to 


4V3,  l-Jl-8 

€"  9  l0gTTvi^"5+P47  (23) 


2 

applicable  for ^  £s£  1.    (See  fig.  2.) 
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The  Rankine  formula. — The  Rankine  formula 


(24) 


has  been  used  for  all  values  of  iwith  C*—       hi  which  case  the  curve 

♦  ~w  Hj 

represented  by  (24)  approaches  tangency  to  the  Euler  curve  at  infinity. 
With  this  value  of  CR,  in  terms  of  the  variables  defined  by  (6), 
equation  (24)  becomes 

"nb?  (25) 


which  solved  for  X  gives 


and  substitution  of  this  expression  in  equation  (11)  gives 


(26) 


f  ds 

i  < 

Jo  1-8 


e  = 
or 

e=~2  log  (l-s)-s  (27) 

for  values  of  8  from  0  to  1,  inclusive. 

The  curves  represented  by  equations  (25)  and  (27)  are  shown  in 
Figures  1  and  2,  respectively. 

Appendix  III  shows  an  American  Bridge  Co.  reduced  straight-line 
column  curve  and  the  corresponding  reduced  stress-strain  diagram. 

All  of  the  curves  in  Figure  2  except  the  curve  marked  n  -  4  (equation 
(23))  approach  the  horizontal  line  s=l  asymptotically.  The  curve 
marked:  n  =  4  has  a  horizontal  tangent  at  e  =  1 .347,  8  =  1.  A  compari- 
son of  the  curves  of  Figure  1  with  the  corresponding  curves  of  Fig- 
ure 2  shows  the  type  of  compressive  stress-strain  diagram  which  is 
necessary  in  any  particular  case  in  order  that  a  given  column  curve 
may  represent  accurately  the  strength  of  columns.  The  shapes  of  the 
reduced  stress-strain  diagrams  are  all  reasonable  except  for  high  val- 
ues of  8  and  possibly  in  the  case  of  the  Rankine  formula.  The  shape 
of  the  diagram  for  high  values  of  8  is  relatively  unimportant,  however, 
since  the  corresponding  portion  of  the  column  curve  lies  in  the  region 
of  "short  columns, "  and  such  columns  do  not  usually  fail  by  buckling. 
It  is  doubtful  whether  any  structural  material  would  show  a  reduced 
compressive  stress-strain  diagram  like  that  required  for  the  Rankine 
formula. 

Viewed  in  another  way,  any  (reduced)  compressive  stress-strain 
diagram  in  Figure  2  will  yield  the  (reduced)  column  curve  corresponding 
to  it  in  Figure  1.  If,  therefore,  the  short-column  strength,  of  the 
material  is  such  that,  or  can  be  denned  (Appendix  III)  so  that,  the 
(reduced)  compressive  stress-strain  diagram  fits  a  curve  of  Figure  2, 
the  column  strength  of  the  material  will  oe  given  by  the  corresponding 
curve  of  Figure  1.  It  will  frequently  be  possible  oy  a  suitable  choice 
of  <ru  to  obtain  good  agreement  between  the  actual  (reduced)  corn- 
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pressive  stress-strain  diagram  and  one  of  the  curves  of  Figure  2  up 
to  some  limiting  value  ois,  beyond  which  the  agreement  will  not  be 
good.  In  that  case  the  corresponding  curve  of  Figure  1  will  represent 
the  column  strength  up  to  the  same  value  of  «.  Thus,  if  representa- 
tive compressive  stress-strain  diagrams  of  a  material  are  available, 
it  may  be  possible  to  draw  the  corresponding  column  curve  without 
tests.  This  method  is  not  to  be  recommended  to  the  exclusion  of 
tests,  however,  particularly  not  if  the  agreement  between  the  actual 
(reduced)  compressive  stress-strain  diagram  and  a  curve  of  Figure  2 
is  not  extremely  good. 

The  author  wishes  to  express  his  indebtedness  to  Dr.  Walter 
Ramberg,  of  the  engineering  mechanics  section,  Bureau  of  Standards, 
for  checking  the  equations. 

APPENDIX  I 

Figure  3  shows  the  variation  of  -~  with  ^  for  &  number  of  different 

cross  sections,  as  listed  on  the  figure.  The  curves  for  the  thin  cir- 
cular-ring section  (thickness  negligible  in  comparison  with  the 
diameter)  and  the  solid  circular  section  are  plotted  from  formulas 
by  R.  V.  Southwell.7 

The  formula  for  the  rectangular  section  is  given  by  T.  v.  Karman,8 
and  the  six  points  for  the  I  section  are  taken  from  a  graph  by 
W.  Gehler.9  The  two  curves  for  the  thin  T  section  (thickness  of  the 
web  and  the  flange  negligible  in  comparison  with  their  lengths)  have 
been  worked  out  by  the  author. 

It  may  be  noted  that  the  curve  for  an  unsymmetrical  section  may 
lie  considerably  below  the  curve  for  the  idealized  H  section,  and  the 

lower  limit  for  such  sections  is  the  curve  -Fl=  ^  .    (Fig.  3.)  Conse- 

quently,  Frandsen's  treatment 10  may  be  considered  as  applying 
unmodified  to  unsymmetrical  sections. 


APPENDIX  II 

In  interpreting  column  tests  of  ductile  materials  it  is  of  some 
importance  how  <ru  is  defined.  If  <ru  is  defined  as  the  stress  determined 
by  the  intersection  of  the  stress-strain  curve  with  a  line  through  the 
origin  having  a  slope  aE  (0<a<l),  the  experimental  points  when 
plotted  as  a  X,  ^-diagram  are  likely  to  lie  more  nearly  on  a  smooth 
curve  than  otherwise.  Under  ideal  conditions  of  test  (perfectly 
straight  specimens,  perfect  centering,  etc.)  if  different  materials 
having  affine  stress-strain  diagrams  are  tested,  and  if  ay  is  determined 
as  outlined,  all  points  \,s  will  lie  on  one  and  the  same  curve.  In 

5  2 

tests  made  at  the  Bureau  of  Standards  the  values  a=^  and  a  =  ^  have 

T  Southwell  (see  footnote  1,  p.  571.) 

•  Karman  (see  footnote  1,  p.  671.) 

♦  Proceedings  of  the  Second  International  Confess  for  Applied  Mechanics,  p.  206,  Zurich,  Sept.  12-17, 
1926. 

(•See foot  note  2,  p.  571. 
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Figure  3.— Variation  of  ~  with  j!  for  various  shapes  of  cross  section 
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Figure  4. — Reduced  American  Bridge  Co.  column  curve  and  corresponding 
reduced  compressive  stress-strain  diagram 


Digitized  by  Google 


582 


Bureau  of  Standards  Journal  oj  Research 


I  Vol  9 


been  found  to  give  satisfactory  results  for  chromium-molybdenum 
steel  and  duralumin  columns,  respectively. 

By  adjusting  the  value  of  a,  it  may  be  possible  to  fit  the  actual 
(reduced)  compressive  stress-strain  diagram  rather  closely  to  one  of 
the  curves  of  Figure  2  up  to  a  sufficiently  high  value  of  s  to  include 
all  except  short  columns. 

APPENDIX  III 

It  may  be  of  interest  to  compare  a  specification  column  curve 
with  the  stress-strain  diagram  which  would  make  the  curve  a  theo- 
retically correct  one.  The  American  Bridge  Co.  curve  given  by  the 
following  equations  has  been  chosen  for  this  purpose  (units  are  in 
pounds  per  square  inch) : 

I 


a,  =  13,000  for0=-  =  60, 
a,  =  19,000-  100  I  for60£*<120, 
<r,-  13,000-50  I  for  120=  *<200, 


(28) 


where  a,  is  the  allowable  average  stress.  These  equations  become, 
respectively,  in  terms  of  X  and  s,  if  we  assume         g^5o)  =  0 •001,^> 


=  1, 

19 
13 


X  for  l^s^ 


,-l-_X  for_>^_ 


(29) 


The  reduced  stress-strain  diagram  is  represented  by  the  following 
equations: 


8  =  1 


e  = 


169/      1       ,  , 
361(7-13" +  1<« 
V-19S 


19 
13 


~  \-«  + 0.0915 


0913  +  C  for  l>s> 


13 


^l(r-.  +loBi~-)-«  +  C  for 


3 
13 


(30) 


where  the  constant  of  integration  C  is  arbitrary. 

Equations  (29)  and  (30)  are  represented  graphically  in  Figure  4. 

Washington,  July  14,  1932. 
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THE  VARIATION  WITH  ANGLE  OF  EMISSION 
OF  THE  RADIATION  FROM  METALS 
BOMBARDED  BY  SLOW  ELECTRONS 

By  C.  Boeckner 


ABSTRACT 

The  radiation  from  Pt  and  W,  with  its  electric  vector  parallel  to  the  plane  of 
emission,  increases  rapidly  with  increasing  emission  angle.  For  the  other  direc- 
tion of  polarization  the  radiation  varies  only  slowly  with  angle.  The  variation 
is  given  by  the  function  (1  —  Rt) /cob  0  where  R$  is  the  reflection  coefficient  of  the 
metal  for  Light  incident  at  angle  6.  A  discussion  of  the  variation  of  emission  from 
surface  layers  with  angle  is  given,  based  on  T.  C.  Fry's  theory  of  lamellar  absorp- 
tion. The  disagreement  with  the  observed  variation  is  in  the  direction  to  be 
accounted  for  if  the  radiation  is  initially  emitted  anisotropically  (in  a  manner 
similar  to  the  continuous  X  rays)  and  is  later  modified  by  refraction  effects. 

It  is  shown  that  the  angle  variation  is  somewhat  similar  to  that  expected  for 
the  inverse  vectorial  photo-electric  effect. 
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I.  INTRODUCTION 

There  is  considerable  evidence  showing  that  metals  when  bom- 
barded by  electrons  emit  visible  and  ultra-violet  radiation.  In  1920 
Lillienfeld  1  reported  a  blue  gray  luminescence  appearing  at  the  focal 
spot  of  an  X-ray  tube  anticathode,  due  apparently  to  the  excitation 
of  the  metal  atoms  by  the  high  speed  cathode  rays.  A  similar  radia- 
tion was  reported  by  Foote,  Meggers,  and  Chenault 2  as  emanating 
from  a  target  bombarded  by  somewhat  slower  electrons  having  ener- 
gies of  the  order  of  1,000  volts. 

Recently  F.  L.  Mohler 3  and  the  author  have  described  a  method 
for  studying  the  radiation  from  metals  bombarded  by  very  slow  elec- 
trons having  energies  of  from  2  to  15  volts.  The  method  makes  use  of 
the  fact  that  a  small  metal  electrode  in  a  gas  discharge  draws  very 
intense  electron  currents  when  maintained  at  a  potential  positive  to 
the  surrounding  space.  It  was  found  that  with  the  large  current 
densities  thus  obtained  (4  or  5  amp.  cm  '•),  metals  emitted  radiation 

>  Lillienfeld  and  Rother,  Phys.  Zeita.,  vol.  21,  p.  49,  1920. 

»  Foote,  Meggers,  and  Chenault,  J.  Opt.  Soc.  Am.,  vol.  9,  p.  641,  1924. 

»  P.  L.  Mohler  and  C.  Boeckner,  B.  S.  Jour.  Research,  vol.  6  <K P297),  p.  673, 1931.  F.  L.  Mohler,  B.  8. 
Jour.  Resoaroh,  vol.  8  (RP421),  p.  357,  1932. 
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having  a  continuous  spectrum  of  rather  uniform  intensity  in  the  visible 
and  ultra-violet. 

Some  of  the  characteristics  of  this  radiation  are  the  approximate 
equality  of  the  absolute  intensities  from  most  metals;  the  exceptional 
behavior  of  silver  in  possessing  a  very  intense  emission  band  in  the 
ultra-violet;  and  the  fact  that  at  low  electron  velocities  the  spectrum 
possesses  a  high  frequency  limit  in  the  ultra-violet.  It  may  also  be 
mentioned  that  the  radiation  is  thought  to  be  the  analogue  of  the 
continuous  X-ray  spectrum  since  the  absolute  intensity  is  of  the  order 
predicted  for  the  "bremsstrahlung"  produced  by  slow  electrons. 

The  present  paper  deals  with  the  polarization  of  the  radiation  and 
the  variation  of  intensity  with  the  angle  of  emission.  The  measure- 
ments were  undertaken  with  the  thought  that  the  intensity-angle 
relation  might  be  similar  to  that  of  the  continuous  X  rays.  It  will 
be  shown  later  that  the  velocity  of  the  electrons  is  normal  to  the  metal 
surface;  it  might  therefore  be  expected  as  in  the  case  of  the  continuous 
X  rays  that  the  radiation  would  be  most  intense  when  observed  in  a 
direction  perpendicular  to  the  direction  of  motion  of  the  electrons. 
By  analogy  the  radiation  might  also  be  expected  to  be  polarized  with 
the  electric  vector  parallel  to  this  direction. 

II.  METHOD 

To  study  the  variation  of  intensity  with  angle,  a  cylindrical  elec- 
trode was  observed  in  a  direction  perpendicular  to  its  axis.  An 
enlarged  image  of  the  cylinder  was  focused  upon  the  spectograph 
slit,  the  axis  of  the  image  being  in  the  plane  of  the  slit  and  perpendicu- 
lar to  it.  From  a  study  of  the  variation  of  intensity  across  the  image, 
information  could  be  deduced  concerning  the  variation  of  intensity 
with  emission  angle.  It  is  clear  for  example  that  the  radiation  form- 
ing the  edges  of  the  image  is  emitted  at  a  grazing  angle  while  light  at 
the  center  is  emitted  normal  to  the  cylinder  surface. 

It  was  thought  desirable  to  study  the  intensity  variation  for  both 
the  significant  directions  of  polarization  of  the  radiation.  A  quartz 
double  image  prism  was  therefore  placed  in  the  optical  train  so  that 
one  of  the  images  had  the  electric  vector  of  its  radiation  parallel  to  the 
plane  of  emission  (perpendicular  to  the  cvlinder  axis)  and  the  other 
perpendicular  to  the  plane.  Since  the  ultra-violet  was  found  to  be 
the  most  convenient  spectral  region  for  the  study  of  the  radiation, 
quartz  fluorite  achromatic  lenses  were  used  to  form  the  cylinder  image 
upon  the  slit.  It  was  found  necessary  to  place  the  double  image 
prism  on  the  source  side  of  the  lenses  to  avoid  initial  depolarization 
of  the  radiation  by  their  quartz  components. 

A  discharge  in  caesium  vapor  (several  thousandths  millimeter  pres- 
sure) was  used  as  a  source  of  current  to  the  electrodes  for  numerous 
experimental  reasons.  The  cylindrical  electrode  was  placed  in  the 
positive  column  of  the  discharge  coaxial  with  the  cylindrical  discharge 
tube.  This  arrangement  was  necessary  to  secure  uniform  current 
density  over  the  electrode  surface.  The  measurements  were  all  made 
with  energies  of  the  bombarding  electrons  of  about  7  volts. 

It  is  of  interest  to  mention  that  the  potential  drop  between  the 
electrode  and  the  discharge  occurs  in  a  small  sheath  several  hun- 
dredths of  a  millimeter  thick ;  the  electric  force  is  consequently  normal 
to  the  metal  surface.  The  direction  of  motion  of  the  electrons  is  there- 
fore also  perpendicular  to  the  metal  surface,  since  their  initial  energy 
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in  the  discharge  is  small  compared  to  the  potential  drop  across  the 
sheath. 

The  metals  studied  were  platinum,  tungsten,  and  silver.  The  first 
two  metals  could  be  raised  to  a  bright  red  heat  and  outgassed  by 
drawing  large  discharge  currents  to  them  while  the  discharge  tube 
was  connected  to  the  pumps.  The  surfaces  were  further  cleaned  by 
intense  ion  bombardment. 

It  was  thought  of  some  significance  to  compare  the  variation  of 
intensity  with  angle  for  a  matte  surface  and  a  polished  surface.  A 
very  good  diffusely  reflecting  surface  of  platinum  was  prepared  by 
electroplating  a  layer  of  platinum  black  upon  a  platinum  rod  and  heat- 
ing to  redness  in  a  flame.  An  attempt  was  made  to  prepare  a  similar 
tungsten  surface  by  etching  a  tungsten  rod.  In  this  case,  however, 
the  surface  was  far  from  being  a  diffuse  reflector  and  showed  marked 
polarization  of  light  reflected  from  it. 

Densitometer  records  of  the  blackening  across  the  cylinder  image  on 
the  spectograms  were  made  by  means  of  a  Kip  &  Zonen  registering 
microphotometer.  The  intensities  were  deduced  from  these  records. 
A  series  of  differently  timed  exposures  on  each  spectogram  served  to 
give  the  blackening  intensity  cnaracteristic  of  the  plate.  The  wave- 
length range  covered  was  from  4,200  to  about  3,100  A. 

The  method  described  has  the  advantage  that  the  intensities  for  a 
range  of  angles  may  be  obtained  from  one  exposure.  It  has  the  dis- 
advantage, however,  that  the  radiation  emitted  at  angles  greater  than 
60°  to  the  surface  normal  correspond  to  a  region  so  near  the  edge  of 
the  image  that  results  are  falsified  by  errors  in  focus.  The  method 
was,  however,  found  to  be  convenient  and  was  thought  to  be  adequate 
for  at  least  a  rough  survey  of  the  intensity  relations.  Due  to  the  long 
exposure  times  (six  hours  with  the  double  image  prism  in  place)  a 
more  direct  method  would  have  been  tedious.  One  set  of  measure- 
ments, however,  was  made  of  the  intensity  of  emission  from  platinum 
at  75°  by  comparing  the  intensity  from  a  large  plane  electrode  ob- 
served at  an  oblique  angle  with  that  obtained  when  observed  in  a 
direction  perpendicular  to  the  surface. 

III.  RESULTS 

For  both  platinum  and  tungsten  it  was  found  that  the  radiation 
with  the  electric  vector  parallel  to  the  plane  of  emission  increased 
rapidly  with  the  angle  of  emission  (the  angle  between  the  emitted  ray 
and  the  normal  to  the  surface).  For  the  other  direction  of  polariza- 
tion the  intensity  was  constant  across  the  image.  Figure  1  shows  a 
plot  of  the  intensity  variation  across  the  tungsten  cylinder  image,  the 
tungsten  being  bombarded  by  7-volt  electrons.  The  tungsten  in  this 
case  had  been  etched  in  an  attempt  to  render  the  surface  a  diffuse 
reflector.  A  polished  surface,  however,  gave  the  same  results  show- 
ing that  the  intensity  is  not  sensitive  to  the  degree  of  polish  of  the 
surface.  There  was  no  appreciable  change  in  variation  with  angle 
between  4,200  and  3,100  A. 

By  drawing  large  currents  to  the  cylinder,  it  was  possible  to  heat  it 
to  incandescence,  enabling  measurements  to  be  made  of  the  variation 
of  the  intensity  of  the  thermal  radiation  with  angle.  For  comparison 
the  results  are  shown  on  the  lower  part  of  the  figure. 

Figure  2  shows  a  plot  of  the  intensity-angle  variation  for  polished 
platinum  (full  line).    The  measurements  at  75°  were  obtained  from  a 
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large  plane  electrode  which  could  be  observed  normally  and  at  an 
oblique  angle.  It  is  seen  that  in  this  case  the  variation  with  angle 
changes  with  wave  length.  In  contrast  with  tungsten  the  radiation 
from  the  matte  platinum  surface  showed  no  variation  with  angle. 
This  is  perhaps  explained  by  the  fact  that  the  platinum  surface  is 
more  nearly  an  ideal  diffuse  reflector. 

Silver  showed  no  variation  in  intensity  across  the  image  of  the 
cylinder.    This  may,  however,  be  explained  by  the  fact  that  it  was 


Figure  1. — Intensity  variation 

Upper  curves,  intensity  variation  across  image  of  tungsten  cylinder  bom- 
barded by  7-volt  electrons.  Ix>wer  curves,  intensity  of  thermal  radia- 
tion at  4,300  A 

impossible  to  maintain  a  polish  on  the  silver  electrode  in  a  caesium 
discharge,  due  perhaps  to  the  heating  by  the  large  electron  currents 
used. 

IV.  DISCUSSION 
1.  RADIATION  FROM  A  THIN  LAYER 

It  is  possible  to  explain  the  trend  of  the  variation  of  intensity  with 
angle  of  emission  by  assuming  that  the  radiation  is  emitted  by  a  thin 
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layer  under  the  metal  surface  (radiating  uniformly  in  all  directions) 
arid  is  weakened  by  reflection  losses  on  being  transmitted  through  the 
surface.  The  intensity  1$  emitted  at  angle  0  is  then  given  by  the 
relation — 

J,  =  constant  X  (1  -  i?,)/cos  6  (1 ) 

Rt  is  taken  to  be  the  reflection  coefficient  for  plane  waves  incident 
upon  the  surface  at  angle  0.  The  factor  1/cos  0  arises  from  the  fact 
that  a  given  area  of  the  image  receives  radiation  from  an  area  of  the 
surface  larger  in  the  ratio  1/cos  0. 


Angle 


Figure  2. — Variation  of  intensity  with  angle  of  emission  of  radiation  from 
platinum  bombarded  by  7-volt  electrons,  full  line 

 Plot  of  (l-/?#)/cos* 

 Variation  of  intensity  with  angle  deduced  from  the  lamellar  absorption  of  platinum. 

The  dashed  lines  of  Figure  2  are  plotted  from  equation  (1).  The 
reflecting  powers  are  computed  from  the  approximation  formula  given 
by  Drude*  using  the  optical  constants  of  platinum  given  by  the 
International  Critical  Tables. 

The  explanation  given  above  is  reasonable  only  if  the  concepts  of 
rays  and  the  laws  of  reflection  of  plane  waves  can  be  applied  to  waves 
which  have  a  radius  of  curvature  of  a  few  angstroms  at  the  reflecting 
surface.  The  latter  distance  is  in  allprobability  the  depth  from  which 
the  radiation  is  emitted.  It  is  difficult  to  see,  therefore,  why  the 
simple  considerations  used  should  be  correct.    A  more  reasonable 

*  Drude,  Ann.  d.  Phy*.,  vol.  35,  p.  523, 1888. 
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method  of  estimating  the  variation  of  surface  emissivity  with  angle 
will  be  given  below  (relation  of  surface  emission  to  "lamellar  absorp- 


2.  THE  INTENSITY  VARIATION  OF  THERMAL  RADIATION  WITH 

ANGLE  OF  EMISSION 

The  intensity  of  the  thermal  radiation  emitted  by  a  square  centi- 
meter is  proportional  to  (l-i?#)  cos  $*  The  apparent  intensity 
observed  at  an  angle  0  is  therefore  proportional  to  (1 — R$)  or 


This  relation  can  be  derived  by  assuming  an  indefinitely  thick  layer 
instead  of  the  thin  layer  used  to  obtain  equation  (1). 

It  is  evident  that  a  measurement  of  the  intensity  across  the  image 
of  the  cylinder  raised  to  incandescence  enables  one  to  estimate  the 
change  of  reflecting  power  with  angle,  R$.  This  was  done  in  order  to 
estimate  the  reliability  of  the  measurements.  The  reflection  coeffi- 
cients relative  to  normal  incidence  were  about  18  per  cent  lower  at 
60°  than  those  computed  from  optical  constants  of  platinum. 

3.  SURFACE  EMISSION  AND  "  LAMELLAR  ABSORPTION  " 

Fry 8  has  discussed  the  absorption  of  energy  by  metal  surface  layers 
from  incident  plane  light  waves  using  classical  electromagnetic  theory. 
He  finds  the  absorption  to  be  somewhat  different  from  that  of  the 
metal  in  bulk  and  uses  the  term  "lamellar  absorption"  to  describe  the 
phenomenon.  The  absorption  is  supposed  to  be  proportional  to  the 
square  of  the  electric  intensity  (radiation  energy  density)  just  under 
the  metal  surface.  Just  outside  the  metal  sun  ace  the  electric  inten- 
sity is  given  by  the  vector  sum  of  electric  vectors  of  the  incident  and 
reflected  wave.  The  electric  intensity  just  inside  the  metal  surface 
can  be  obtained  from  the  fact  that  the  tangential  component  of  the 
electric  force  and  the  product  of  the  normal  component  by  the  ampli- 
tude squared  of  the  index  of  refraction  are  continuous  across  the 
metal  surface.  The  lamellar  absorption  computed  on  this  basis 
should  by  Kirchhoff's  law  be  equal  to  the  emissivity  of  the  surface 
layers  of  the  metal.  Fry  gives  a  curve  showing  the  variation  of  the 
lamellar  absorption  with  angle  of  incidence  of  tne  light  for  platinum 
at  4,359  A.  The  curve  should  also  give  directly  the  yanation  of 
intensity  of  emission  with  angle  and  should  be  directly  comparable  7 
with  the  curves  of  Figure  2.  The  variation  of  intensity  with  angle 
obtained  in  this  way  is  not  much  different  from  that  of  thermal 
radiation,  and  is  therefore  not  adequate  to  explain  the  variation  of 
intensity  observed  in  the  present  work.  If  the  intensity  for  normal 
emission  is  unity,  then  at  60°  one  obtains  from  the  lamellar  absorption 
curves  1.4  for  parallel  light;  for  "perpendicular"  light,  0.50.  The 

*  R.  H.  Fowler,  Statistical  Mechanics,  p.  493. 

•  T.  C.  Fry,  J.  Opt.  Soc.  Am.,  vol.  22,  p.  307,  1932. 

»  Consider  a  metal  surface  in  equilibrium  with  radiation  at  some  temperature  and  let  a  suitably  denned 
beam  of  the  radiation  with  unit  cross  section  area  and  energy  flu*  /  be  incident  upon  a  metal  surface  at  angle*. 
Let  al  be  the  energy  absorbed  from  the  l>eam  by  a  surface  layer  of  definite  thickness.  Also  let  tl  be  the 
energy  emitted  by  the  surface  layer  in  the  direction  of  the  incident  beam  and  from  an  area  of  the  surface 
equal  to  I/cos*.  Equilibrium  luMween  the  black  body  radiation  and  the  surface  layer  demands  that  t 
and  a  be  equal,  a  as  a  function  of  angle  can  be  obtained  directly  from  Fry's  work.  The  units  of  t,  radia- 
tion from  an  area  proportional  to  1/cos*.  are  those  used  in  Figure  2.  The  curves  of  Fry  for  the  variation  of 
a  with  angle  for  platinum  at  4,359  A  and  those  of  Figure  2  are  therefore  directly  comparable. 


tion"). 


J = constant  (1  —  R%) 


(2) 
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observed  values  at  4,200  A  are  3.6  and  0.77.  For  comparison  the 
variation  of  emission  with  angle  deduced  from  the  lamellar  absorption 
is  also  plotted  in  Figure  2. 

4.  RELATION  TO  THE  INVERSE  PHOTO-ELECTRIC  EFFECT 

Another  explanation  of  the  angle  intensity  relations  is  possible  if 
the  phenomenon  is  correlated  with  the  inverse  vectorial  photo- 
electric effect.  Relations  between  the  angle  variations  of  the  direct 
and  inverse  effects  can  be  obtained  by  considering  the  conditions  to 
be  fulfilled  in  order  that  a  metal  surface  be  in  thermal  equilibrium 
with  black  body  radiation  and  the  thermal  electrons  in  the  space 
about  the  metal. 

The  following  is  a  brief  discussion  based  on  the  "principle  of  de- 
tailed balance/'  Let  Idw  be  the  energy  of  black  body  radiation  of 
given  frequency  passing  through  unit  area,  *  (perpendicular  to  the 
beam),  and  striking  the  metal  surface  at  angle  0.  The  directions  of 
the  "rays"  in  the  beam  are  supposed  to  be  in  the  solid  angle  dw. 
Define  P$  such  that  IP§dw  is  the  energy  absorbed  from  the  beam  that 
is  used  in  ejecting  photo-electrons  from  the  metal. 

Also  let  J  be  the  thermal  electron  current 8  striking  unit  area  of 
the  metal  surface  and  define  i§dw  such  that  i$Jdw  is  the  energy  emit- 
ted by  the  metal  in  the  solid  angle  dw  as  a  result  of  bombardment 
by  the  thermal  electrons.  Then  Judw/coa  0  is  the  radiant  energy 
from  the  metal  passing  through  the  unit  area  8.  This  latter  quantity 
must  by  the  principle  of  detailed  balance  equal  the  energy  absorbed 
photo-electrically  from  the  beam,  or 

JiWWcos  0  =  P,J<fa>  (3) 

i«/cos  6  is  the  apparent  intensity  of  radiation  from  the  surface  observed 
at  angle  6;  that  is,  the  quantity  measured;  if  we  call  it  i\ 

i'.  =  cP,  (4) 

where  c  is  independent  of  angle. 

This  latter  equation  implies  that  the  ordinates  of  Figures  1  and  2 
represent  also  the  variation  of  photo-electric  current  with  angle, 
P#. 

The  experimental  data  for  the  variation  of  photo-electric  current 
with  angle  of  incidence  of  the  light  is  rather  meager,  at  least  for  metals 
other  than  the  alkalies.9  For  the  alkalies  the  current  with  the  electric 
vector  parallel  to  the  plane  of  incidence  may  be  from  2  to  10  times 
greater  at  60°  than  at  normal  incidence.  For  the  other  direction  of 
polarization  the  current  is  usually  proportional  to  the  incident  energy 
minus  that  reflected  (1  —  R$).  For  metals  other  than  the  alkalies  the 
increase  with  angle  for  "parallel"  radiation  is  much  slower.  The 
variation  can  be  expressed  by  the  relations 

P,|J  =  «||(l-i?,||) 
P»±=a±(l-R,±) 
If  a  is  made  unity  at  normal  incidence  then  a\\  at  60°  varies  from  1  to 
2  or  3;  a±  remains  closely  unity  for  all  angles.    It  may  be  mentioned 

1  Pi  should  be  thought  of  aa  referring  to  the  ejection  of  electrons  of  some  definite  velocity  and  direction 
tuvl  J  as  the  current  of  electrons  having  the  same  velocity  and  opposite  direction. 
•  Photo-electric  Phenomena.  A.  L.  Hughes  and  L.  A.  Dubridge,  McGraw-Hill,  1932. 
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that  a  ||  >  1  is  the  criterion  for  the  existence  of  the  vectorial  photo- 
electric effect. 

If  one  uses  the  computed  reflecting  powers  of  platinum  one  obtains 
from  Figure  2  a  value  for  all  at  60°  and  4,200  A  of  2.4,  for  a  J.,  1.3: 


general  trend  of  the  photo-electric  measurements. 

Ives  10  has  successfully  explained  many  phases  of  the  vectorial 
photo-electric  effect  for  the  alkalies  by  assuming  that  the  photo- 
electric current  is  proportional  to  the  lamellar  absorbing  power  of  the 
surface  layer  emitting  the  photo-electrons.  If  this  is  true  for  platinum 
then  one  would  predict  for  platinum  at  4,359  A  only  a  small  vectorial 
effect;  that  is,  <*||>1  and  a_L  not  much  different  from  unit}'.  The 
variation  of  surface  emissivity  with  angle  would  then  be  identical 
with  that  predicted  from  the  lamellar  absorption  and  would  be  in 
conflict  with  the  measurements. 

It  may  be  remarked  that,  if  one  could  use  the  energy  density  just 
above  the  metal  surface  instead  of  that  inside  as  a  measure  of  the 
absorption  or  photo-electric  current,  then  one  would  obtain  a  very 
large  vectorial  effect.  If  one  assumes  a  gradual  transition  in  energy 
density  between  the  interior  and  exterior  of  the  metal,  one  couTd 
explain  almost  any  degree  of  vectorial  effect  for  the  absorption  of  the 
first  few  atom  layers.  The  work  of  Ives  suggests,  however,  that  the 
discontinuity  in  energy  density  is  very  sharp,  occurring  witliin  less 
than  an  atom  diameter. 

5.  RELATION  TO  THE  VARIATION  OF  INTENSITY  WITH  ANGLE  OF 

THE  CONTINUOUS  X-RAYS 

The  theory  of  surface  emission  given  in  footnote  7  assumes  that 
the  individual  atoms  radiate  uniformly  in  all  directions.11  The  dis- 
crepancy  between  theory  and  observation  may,  therefore,  be  explained 
by  assuming  the  emitting  centers  to  radiate  anisotropically.  Such 
anisotropic  radiation  is  observed  for  the  continuous  X  rays  and  is 
predicted  for  the  radiation  from  a  stream  of  slow  electrons  impinging 
on  protons.12  From  analogy  to  both  of  these  cases  the  radiation 
should  be  most  intense  when  observed  in  a  direction  perpendicular  to 
the  electron  velocity  and  should  be  polarized  with  the  electric  vector 
parallel  to  the  direction  of  motion  of  the  electrons.  This  is  in  the 
right  direction  to  explain  the  discrepancy  since  it  is  found  that  the 
"parallel  radiation"  is  much  more  intense  at  oblique  angles  than 
would  be  predicted  for  radiation  emitted  isotropically.  This  state- 
ment is  clear  if  it  is  remembered  that  in  the  present  measurements 
the  electric  vector  of  the  "parallel"  radiation  becomes  nearly  parallel 
to  the  electron  velocity  at  large  angles  of  emission.  It  is  difficult, 
however,  to  say  quantitatively  what  should  be  expected  on  this  view. 

In  this  connection  it  is  of  interest  to  recall  the  work  of  Lillienfeld 
and  Rother  13  on  the  polarization  of  the  visible  radiation  produced  by 
high  speed  cathode  rays  striking  a  metal  target.  They  observed  the 
polarization  for  various  directions  of  incidence  of  the  cathode  rays  and 
for  angles  of  emission  varying  from  45°  to  a  very  oblique  angle. 


»  H.  E.  Ives  and  H.  B.  Brigjw.  Phys.  Rev.,  vol.  40,  p.  802,  1932. 

•»  The  absorption  of  a  singlo  volume  element  of  the  metal  is  supposed  to  depend  only  on  the  magnitude 
of  the  electric  vector.  This  implies  that  the  emission  of  the  element  should  be  independent  of  direction,  itt 
modification  by  refraction  producing  the  observed  angle  variation. 

M  A.  8cmmerfeld,  Ann.  d.  Phys.,  vol.  11.  257, 1931. 

»  Lillienfeld  and  Rother,  Phys.  Zelt.,  vol.  21,  p.  3fi0,  1920. 
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The  radiation  was  found  to  be  always  completely  polarized  and  in  the 
direction  to  be  expected  if  it  were  emitted  by  a  classical  oscillator 
vibrating  perpendicular  to  the  metal  surface.  The  results  can  not  be 
explained  by  a  purely  optical  theory.  They  suggest,  however,  that 
the  radiation  is  produced  by  the  electrons  being  accelerated  through 
the  "work  function  layer"  of  the  metal.  Since  such  an  acceleration  is 
normal  to  the  metal  surface,  classical  electromagnetic  theory  predicts 
precisely  the  type  of  polarization  of  the  emitted  radiation  that  is 
observed. 

V.  SUMMARY 

The  variation  of  intensity  with  angle  for  both  directions  of  polariza- 
tion is  given  approximately  by  the  relation  1(6)  =  (1  —  i?0)/cos  6. 
The  equation  is  obtained  by  plausibility  arguments  and  has  perhaps 
not  a  very  sound  logical  basis. 

Angle  variation  based  on  sounder  reasoning  (by  use  of  lamellar 
absorption  theory  and  Kirchhoff's  law)  fails  to  explain  the  facts. 
The  discrepancy  may  be  due  either  to  the  incorrectness  of  the  theory 
or  to  the  fact  that  the  radiation  is  initially  emitted  anisotropically 
as  are  the  continuous  X  rays. 

Washington,  August  3,  1932. 
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STEELS 

By  J.  G.  Thompson  and  E.  H.  Hamilton 


ABSTRACT 

The  nitrogen  contents  of  four  Standard  Samples  of  iron  and  steel  have  been 
determined  by  both  the  vacuum  fusion  and  solution-distillation  (Allen)  methods. 
These  four  standard  samples,  with  nitrogen  contents  ranging  from  0.005  to  0.028 
per  cent,  are  now  available  as  nitrogen  standards  for  analysts  interested  in  this 
determination. 

Repeated  analyses  of  several  standard  samples  of  iron  and  steel  showed  that 
the  nitrogen  content  of  these  samples  did  not  change  over  periods  as  long  as  13 
years. 


CONTENTS 

Page 

I.  Introduction     593 

II.  The  use  of  standard  samples  of  iron  and  steel  as  nitrogen  standards..  593 
III.  The  nitrogen  content  of  four  current  standard  samples   594 

I.  INTRODUCTION 

Studies  of  various  methods  for  the  determination  of  nitrogen  in 
ferrous  materials  have  been  made  at  the  Bureau  of  Standards  for  a 
number  of  years.  Two  methods  have  been  commonly  used,  the  vac- 
uum-fusion method  and  the  solution-distillation  method,  the  latter 
usually  referred  to  as  the  Allen  method.  Both  methods  have  been 
described  in  detail  in  previous  publications  from  the  Bureau  of 
Standards  1  *  and  in  the  recent  book  by  Lundell,  Hoffman,  and 
Bright.3  These  and  other  methods  for  the  determination  of  nitrogen 
in  steel  were  summarized  in  a  recent  publication 4  by  one  of  the  present 
authors. 

II.  THE  USE  OF  STANDARD  SAMPLES  OF  IRON  AND  STEEL 

AS  NITROGEN  STANDARDS 

During  the  investigation  of  methods  for  the  determination  of  nitro- 
gen, Bureau  of  Standards  standard  samples  Nos.  8b,  23,  and  55 
have  been  in  intermittent  use  as  reference  standards  over  periods  of 
from  9  to  13  years.  Samples  8b  and  23  are  Bessemer  steels  containing 
0.1  and  0.8  per  cent  carbon,  respectively;  sample  55  is  an  ingot  iron. 
The  uniform  and  reproducible  results  recorded  in  Table  1,  show  that 
these  three  standard  samples  constitute  satisfactory  reference  stand- 
ards for  the  determination  of  nitrogen.  A  question  might  be  raised 
as  to  the  stability  or  permanence  of  the  nitrides  present  in  irons  and 
steels  but  it  is  evident,  from  the  data  in  Table  1,  that  the  nitrogen 
content  of  these  samples  did  not  change  with  time  during  approxi- 
mately 10  years. 

1  L.  Jordan  and  F.  E.  Swindells,  Oases  in  Metals.  I.  The  Determination  of  Combined  Nitrogen  in 
Iron  and  Steel  and  the  Change  in  Form  of  Nitrogen  by  Heat  Treatment,  B.  S.  Sci.  Paper  No.  457,  1922. 

1  H.  C.  Vacher  and  L.  Jordan,  The  Determination  of  Oxygen  and  Nitrogen  in  Irons  and  Steels  by  the 
Vacuum  Fusion  Method,  B.  8.  Jour.  Research,  vol.  7  (RP346),  August,  1031. 

■  O.  E.  F.  Lundell,  J.  1  Hoffman,  and  H.  A.  Bright,  Chemical  Analysis  of  Iron  and  Steal,  John  Wiley 
&  Sons  (Inc.),  1931. 

<  J.  O.  Thompson,  Determination  of  Oxygen,  Nitrogen,  and  Hydrogen  in  Steel,  Am.  Inst  Mln.  &  Met 
Eng.,  Tech.  Pub.  No.  46*.  1933. 
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III.  THE  NITROGEN  CONTENT  OF  FOUR  CURRENT 

STANDARD  SAMPLES 

The  available  supply  of  two  of  these  three  samples  has  been  ex- 
hausted. In  order  that  nitrogen  standards  may  be  readily  available 
to  workers  interested  in  this  determination,  the  nitrogen  content  of 
some  of  the  current  standard  samples  was  determined.  Four  standard 
samples,  No.  lOd  (Bessemer  steel,  0.4  per  cent  C) ;  No.  55  (ingot  iron) ; 
No.  101  ("  18-8  "  chromium-nickel  stainless  steel);  and  No.  106  (nitrid- 
ing  steel)  were  chosen,  representing  different  types  of  iron  and  steel 
with  different  nitrogen  contents.  N  os.  lOd  and  55  represent  the  older, 
simpler  types  of  ferrous  materials  with  low  or  medium  nitrogen  con- 
tent. Nos.  101  and  106  represent  newer  types  of  steel,  with  medium 
or  high  nitrogen  content,  in  which  more  importance  may  be  attached 
to  the  presence  of  nitrogen.  Determinations  of  nitrogen  by  both  the 
Allen  method  and  the  vacuum-fusion  method  show  that  sample  No. 
lOd  contains  0.008  per  cent;  No.  55,  0.005  per  cent;  No.  101,  0.028 
per  cent;  and  No.  106,  0.009  per  cent,  as  recorded  in  Table  2. 

Table  1. — Permanence  of  the  nitrogen  content  of  Bureau  of  Standards  standard 

samples 


No.  8b 

No.  23 

No.  65 

Year  of 
analysis 

Nitrogen 

Year  of 
analysis 

Nitrogen 

Year  of 
analysis 

Nitrogen 

1927..  . 
1928. 

1932  ..  . 

Per  cent 

a  012 

.011 
.011 
.011 
.012 
.011 
.012 
.011 
.011 
.012 
.012 
.013 
.013 
.012 
>.  011 
>.  010 
i.  012 
I  '.011 

1922  

Percent 
f      0  010 
.010 
.010 
.010 
.010 
.011 
.011 
.012 
.012 
.012 
«.010 
*-  011 
i.  010 

1923 

Percent 
O  005 
.005 
.  004 
.  1)05 
.004 
f  .005 
.006 
1.004 
'.005 
■005 

1926.. 
1931  

1932. 

1932  

•  Determinations  made  by  the  vncuum-fuslon  method.  All  other  determinations  were  made  by  the 
Allen  method. 

Attention  is  called  to  the  fact  that  certain  precautions  must  be 
observed  in  order  to  obtain  satisfactory  residts  m  the  analvsis  of  the 
nitriding  steel,  No.  106,  by  the  vacuum-fusion  method.  The  nitrides 
in  this  steel  are  decomposed  more  slowly  in  the  vacuum-fusion  method 
than  are  the  nitrides  of  plain  carbon  steels,  and  it  is  necessary  to 
continue  the  extraction  of  gases  from  the  sample  somewhat  longer 
than  usual,  in  order  to  insure  complete  recovery  of  nitrogen.  If  this 
precaution  is  observed  complete  recovery  of  nitrogen  is  secured,  as 
is  indicated  by  the  agreement  between  the  results  from  the  two 
methods  of  analysis  recorded  in  Table  2. 
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Table  2. — Nitrogen  content  of  current  standard  samples 


No.  lOd  nitrogen 

WO.  55 

nitrogen 

IN  0.  1U1 

nitrogen 

IN  0.  1LW> 

nitrogen 

No.  lOd  nitrogen 

XT «  fff 

NO.  68 

nitrogen 

NO.  101 
nitrogen 

XT  a      1  /V5 

NO.  106 
nitrogen 

Percent 

P«r  cent 

Per  cent 

Per  cent 

Per  cent 

Per  cf  nt 

Per  f«ir 

Percent 

i  n  fifu 

*  U.  \A>4 

1  ft  IY»i 

l  n  nm 

*  u. 

A  flfW 
O.  W 

ft  (VW 

ft  fria 

1  ft  f¥1U 

>.008 

1.005 

'.028 

i.Oll 

.009 

.005 

.028 

1.009 

i.000 

1.005 

1.028 

1.010 

.008 

.005 

.028 

.010 

1.009 

•.005 

'.028 

1.008 

.008 

.027 

.010 

i.ooy 

.005 

t.028 

1.010 

.028 

.009 

>.008 

.004 

1.020 

1.008 

.009 

.008 

.005 

.028 

1.007 

.010 

.008 

.004 

.027 

1.009 

.010 

Average   .  008 

.005 

.028 

.009 

•Determinations  made  by  the  vacuum-fusion  method.  Remaining  determinations  made  by  the 
Allen  method. 


In  view  of  the  numerous  requests,  which  have  been  received  for 
material  to  be  used  as  reference  standards  in  the  determination  of 
both  oxygen  and  nitrogen,  it  is  unfortunate  that  these  standard 
samples  can  not  be  used  as  reference  standards  for  oxygen  as  well  as 
for  nitrogen  in  the  vacuum-fusion  method.  The  standard  samples 
are  prepared  in  the  form  of  small,  uniform  millings,  and  experience 
has  shown  that  such  samples  yield  values  much  too  high  in  the 
determination  of  oxygen  by  the  vacuum-fusion  method.  During  the 
milling  process  the  surface  of  each  chip  becomes  coated  with  a  thin 
film  oi  oxide,  especially  if  the  chips  become  heated.  In  addition  to 
this  oxide  film,  water  is  usually  present  as  a  result  of  condensation  or 
adsorption  during  handling  and  storage.  The  actual  amount  of 
oxygen  in  the  oxide  or  moisture  film  on  any  one  chip  is  very  small,  but 
the  total  from  a  large  number  of  chips  may  equal  or  even  exceed  the 
amount  of  oxygen  present  in  the  solid  metal  of  the  sample.  It  is 
impossible  to  distinguish  between  "surface  oxygen"  and  ''dissolved 
oxygen"  in  the  vacuum-fusion  method.  Consequently,  solid  speci- 
mens with  small  surface  area  and  correspondingly  small  contents  of 
"surface  oxygen"  are  preferred  for  the  vacuum-fusion  determination 
of  oxygen.  The  presence  of  these  surface  films  does  not,  however, 
interfere  with  the  determination  of  nitrogen,  and  these  standard 
samples  are  therefore  available  as  nitrogen  standards. 

Washington,  July  18,  1932. 
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ANALYTICAL  METHODS 
FOR  THE  DETERMINATION  OF  LEVULOSE 
IN  CRUDE  PRODUCTS 

By  R.  F.  Jackson,  J.  A.  Mathews,  and  W.  D.  Chase 


ABSTRACT 

In  sequel  to  a  previous  article  (RP426)  detailed  descriptions  are  presented  of 
analytical  methods  for  the  determination  of  levulose  in  crude  products.  The 
polysaccharides  in  which  levulose  is  the  predominating  sugar  can  be  hydrolvzed 
tor  analytical  purposes  in  35  minutes  at  80°  C.  by  0.14  AT  HC1.  After  hydrolysis 
levulose  is  determined  either  by  the  selective  copper  reduction  method  or  by 
polarization  at  two  temperatures.  The  volume  of  the  marc  from  a  50-g  sample 
of  artichokes  is  found  to  be  0.8  ml.  Rapid  methods  of  titrating  reducing  sugars 
in  low  concentration  are  suggested  in  extension  of  the  standard  methods  of  Lane 
and  Eynon.  Methods  of  determining  the  purity  of  crude  and  purified  juices 
are  described.  Applications  of  the  methods  of  analysis  are  made  to  honey  and 
fruits  in  most  of  which  levulose  is  found  to  be  the  predominating  sugar. 
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6.  Evaporator  liquors    610 

(a)  Dry  substance..    610 

(b)  Direct  polarization  and  apparent  purity   610 

(c)  Total  sugar   611 

(J)  True  purity  _      611 

V.  Honey  and  various  fruits   611 

I.  INTRODUCTORY 

The  wide  distribution  of  levulose  in  natural  and  manufactured 
products  makes  desirable  the  formulation  of  a  system  of  analysis  for 
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its  quantitative  determination.  In  a  previous  article  1  some  of  the 
fundamental  physical  properties  of  pure  levulose  in  aqueous  solution 
and  improved  methods  for  its  selective  determination  in  sugar  mix- 
tures were  described.  In  the  present  article  we  shall  discuss  the 
determination  of  levulose  in  crude  natural  products  and  particularly 
in  the  intermediate  products  obtained  during  the  process  of  prepara- 
tion of  levulose  from  natural  sources  by  the  method  described  by 
Jackson,  Silsbee,  and  Proffitt. 2 

In  natural  products  levulose  occurs  in  the  form  of  the  uncombined 
sugar  or  combined  in  the  form  of  compound  sugars  or  of  polysac- 
charides. When  it  occurs  as  the  free  sugar  it  is  invariably  accom- 
panied by  dextrose  and  frequently  by  sucrose  or  other  sugar.  The 
polv  saccharides  which  contain  levulose  have  properties  which  make  a 
direct  determination  of  them  at  present  impossible.  They  are,  how- 
ever, very  easily  hydrolyzed  by  dilute  acids  and  may  be  determined 
indirectly  by  analysis  of  the  products  of  hydrolysis.  The  reducing 
sugars  formed  by  hydrolysis  consist  of  levulose  mixed  with  varying 
proportions  of  dextrose.  The  problems  involved  in  analyzing  sugar 
mixtures  containing  levulose  become  mainly  questions  of  differentia- 
tion between  levulose  and  dextrose  since  they  practically  always  occur 
together. 

It  will  be  convenient  to  characterize  these  mixtures  according  to 
the  ratio  of  levulose  to  total  reducing  sugar.  Various  methods  of 
determining  this  ratio  have  been  described  in  the  previous  article. 
It  can  be  determined  rigorously  only  by  direct  analysis  for  reducing 
sugar  and  selective  analysis  for  levulose.  In  the  former  article  a 
proximate  method  was  described  and  designated  the  Mathews 
formula  (RP426,  p.  433)  in  which  it  was  shown  that  the  ratio  could 
be  determined  conveniently  by  combining  the  direct  polarization 
with  the  titration  for  total  reducing  sugar  under  the  assumption  that 
no  optically  active  substances  other  than  dextrose  and  levulose  were 
present  in  the  mixture.  The  Mathews  ratio  will  sometimes  be  found 
valuable  even  when  it  differs  from  the  true  ratio,  for  the  difference 
then  becomes  a  measure  of  the  optically  active  or  reducing  materials 
which  are  neither  dextrose  nor  levulose. 

In  previous  articles  3  it  has  been  shown  that  inulin  yields  upon  acid 
hydrolysis  about  5  per  cent  of  a  group  of  nonreducing  difructose 
anhydrides  which  are  of  such  high  stability  as  to  survive  the  hydroly- 
sis. No  analytical  method  has  as  yet  been  devised  to  determine  these 
substances  directly,  since  it  is  impossible  to  hydrolyze  them  without 
employing  acid  of  such  high  concentration  as  to  destroy  the 
reducing  sugar  in  the  sample.  In  the  analysis  of  juices  of  plants  which 
contain  inulin  or  similar  polysaccharides  these  refractory  disac- 
charides  will  escape  detection  under  the  ordinary  procedure.  If, 
however,  we  assume  that  they  are  mainly  responsible  for  the  devia- 
tions of  the  Mathews  ratio  from  the  true  ratio  under  the  assumption 
that  levulose,  dextrose,  and  the  disaccharides  are  the  only  optically 
active  substances  present,  we  have  a  means  of  determining  them 
approximately. 

>  Jackson  and  Mathews,  B.  8.  Jour.  Research,  vol.  8  (RP428),  p.  403,  1932.   Repeated  reference  will  be 
made  to  Research  Paper  No.  420  which  for  brevity  will  be  designed  (RP426). 
»  B.  8.  8d.  Paper  No.  519,  vol.  20,  p.  604,  1926. 

» Jackson  and  Goergen,  B.  S.  Jour.  Research,  vol.  3  (RP79),  p.  27,  1920.   Jackson  and  McDonald,  B.  S. 
Jour.  Research,  vol.  5  (RP251).  p.  1151,  1930;  vol.  6  (RP299),  p.  709,  1931. 
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II.  HYDROLYSIS  OF  POLYSACCHARIDES  IN  ARTICHOKE 

JUICES 

The  juices  contained  in  the  roots  of  the  Jerusalem  artichoke, 
dahlia,  chicory,  and  many  other  composite  flowering  plants  are  rich 
in  polysaccharides  in  which  levulose  is  the  predominating  sugar.  In 
oraer  to  analyze  these  juices  the  conditions  of  acidity,  temperature, 
and  time  must  be  found  which  will  yield  complete  hydrolysis  without 
destruction  of  the  products  of  the  reaction.  iTho  experiments 
described  below  were  performed  with  the  juices  and  pulp  of  the 
Jerusalem  artichoke,  but  the  conclusions  are  equally  applicable  to 
any  juice  or  material  which  contains  similar  polysaccharides. 

In  order  to  determine  the  proper  conditions  for  hydrolysis  weighed 
quantities  of  the  expressed  juice  or  comminuted  pulp  of  Jerusalem 
artichokes  were  introduced  into  200  ml  Soxhlct  flasks,  diluted  to 
about  175  ml,  and  acidified  with  3  or  4  ml  of  8  N  HC1.  The  flasks 
were  immersed  in  a  water  bath  maintained  at  either  70°  or  80°  C. 
and  after  selected  intervals  of  time  were  one  by  one  removed  and  the 
contents  cooled  rapidly.  To  simplily  the  procedure  the  solutions 
were  allowed  to  assume  the  temperature  of  the  bath  without  agitation. 

Table  1. — Hydrolysis  of  artichoke  pulp  with  hydrochloric  acid 

(3  or  4  ml  of  8  N IIC1  added  to  175  ml  of  solution) 
(o)  10-g  SAMPLE,  4  ml  HC1,  80°  C.  (d)  50-g  8  AMPLE,  4  ml  HC1,  70°  C. 


Time  of 
hydroly- 
sis 

Reduc- 
ing 
sugars 

Levu- 
lose 

Ratio: 
levulose 

reducing 
sugar 

Mathews 

ratio: 
levulose 

reducing 
sugar 

Minute* 
10 
30 
30 
40 
60 

Per  cent 
16.74 
17.00 
17.20 
17. 14 
17.36 

Per  cent 

Per  cent 

Per  cent 

1Z45 
12.43 
12.53 

72.4 
72.8 
72.2 

67.9 
68.8 
67.4 

(6)  10-g  SAMPLE,  4  ml  HC1,  70°  C. 

19 
30 
42 
80 
60 

16.90 
17.06 
17. 10 
17.11 
17.16 

12.45 
1Z23 
12.54 

72.8 
71.5 
73.1 

70.8 
70.3 
69.6 

(c)  50-g  SAMPLE,  4  ml  HC1,  80°  C. 

20 
30 
41 
52 
63 

17.20 
17.20 
17.30 
17.36 
17.38 

1Z80 
12  72 
12.71 
12.69 

74.4 

73.6 
73.2 
73.0 

71.9 
71.2 
70.9 
69.8 

Tune  of 
hydroly- 
sis 

Reduc- 
ing 

Levu- 
lose 

Ratio: 
levulose 
reducing 

sugar 

Mathews 

ratio: 
levulose 

reducing 
sugar 

Minutes 
20 
30 
40 
50 
70 

Per  cent 
17.25 
17.28 
17.26 
17.23 
17.18 

Per  cent 

Pa  cent 

Per  cent 

12.64 
12.84 
12.90 

73.2 
74.6 
75.1 

72.1 
72.5 
72.6 

(f)  50-g  SAMPLE,  4  ml  HC1,  80°  C. 

7 
20 

30 
60 

11.29 
17.10 
17.04 
16.96 
,  17.19 

84.0 
84.1 
83.7 
82.4 
80.7 

14.43 
14.30 
14.16 
14.39 

84.4 

83.9 
83.  5 
83.7 

(J)  50-g  SAMPLE,  3  ml  HC1,  80°  C. 

!  .o 

20 
30 
60 
90 

14.44 

17.30 
17.31 
17.41 
17.42 

... 

82.9 
S3.  7 
83.9 
83.9 
83.1 

14.86 
14.64 
14.61 
14.65 

85.9 
84.6 
83.9 
84.1 

The  samples  of  pulp  were  prepared  by  passing  artichoke  tubers 
through  a  food  chopper,  the  plate  of  which  had  perforations  2  mm  in 
diameter.  The  hydrolysis  experiments  were  conducted  with  10-g 
and  with  50-g  samples.  Ten  grams  is  a  sufficient  quantity  if  the 
sugar  analysis  is  made  solely  by  copper  reduction  methods,  while  a 
50-g  sample  is  preferable  if  the  procedure  includes  a  polariscopic 
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deteiroination.  In  the  series  here  described  all  samples,  including 
the  10-g  samples,  were  polarized,  analyzed  for  total  reducing  sugar 
by  Lane  and  Eynon's  volumetric  method,  and  selectively  analyzed 
for  levulose  by  Jackson  and  Mathews's  modification  of  Nyns's 
method  (RP426,  p.  425). 

The  samples  after  cooling  were  neutralized  and  defecated  with  a 
saturated  solution  of  normal  lead  acetate.  The  addition  of  alkali 
was  made  slowly  and  with  agitation  vigorous  enough  to  obviate 
momentary  local  alkalinity.  The  solutions  were  finally  made  to 
volume  and  filtered.  The  filtrates  were  polarized  in  a  400-mm  tube 
and  an  aliquot  volume  was  analyzed  for  total  reducing  sugar  and 
levulose. 

The  experimental  results  are  shown  in  Table  1 .  Upon  examination 
of  the  individual  series  it  becomes  apparent  that  regardless  of  changed 
conditions  of  hydrolysis  the  respective  samples  arrive  at  approximately 
constant  compositions  after  relatively  short  periods  of  tune.  Even 
when  the  time  is  greatly  extended  there  is  no  evidence  of  decomposi- 
tion of  the  products  of  hydrolysis.  Indeed,  in  many  instances  there 
appears  to  be  a  slight  increase  in  total  sugar,  possibly  by  gradual 
hydrolysis  of  the  difructose  anhydrides.  Table  1(f)  shows  that  3  ml 
of  HClis  about  as  effective  as  the  4  ml  used  in  the  other  experiments 
and  produces  complete  hydrolysis  in  about  the  same  perioa  of  time. 
This  can  be  explained  bv  the  fact  that  the  determining  factor  is  the 
time  required  to  attain  the  bath  temperature  and  that  the  hydrolysis 
itself  proceeds  very  rapidly  in  either  concentration  of  acid. 

The  deviations  from  constancy  of  the  individual  determinations 
are  in  many  cases  greater  than  the  experimental  error  of  analysis. 
These  errors  arise  probably  from  the  difficulty  of  obtaining  complete 
concentration  equilibrium  between  the  solution  and  the  suspended 
pulp.  The  divergences  diminish,  as  shown  in  Table  2,  when  samples 
of  press  juice  are  hydrolyzed  for  periods  of  time  between  25  ana  60 
minutesj  although  here  again  there  is  evidence  of  gradual  hydrolysis 
of  the  disacchandes. 

The  Mathews  ratio  given  in  the  last  column  of  the  tables  will  be 
discussed  in  a  later  paragraph. 

On  account  of  the  relative  uniformity  of  all  the  experimental  results 
the  selection  of  specifications  is  in  a  measure  arbitrary.  Although  the 
hydrolysis  can  be  completed  rapidly  at  70°,  the  defecation  and  filtra- 
tion of  solutions  hydrolyzed  at  80°  were  more  satisfactory. 

Evidently  3  ml  of  8  N  HCl  affords  sufficient  acidity  for  the  samples 
under  investigation.  Conceivably  samples  of  greater  dry  substance 
concentration  might  bv  buffer  action  greatly  diminish  the  converting 
power  of  the  hydrochloric  acid.  The  juices  upon  which  the  experi- 
ments were  made  contained  by  refractometric  estimation  17  to  20 
per  cent  dry  substance.  A  50-g  sample  therefore  contained  8.5  to  10  g 
of  total  solids.  In  order  to  ascertain  how  great  a  variation  in  dry  sub- 
stance can  be  tolerated,  further  experiments  were  made  on  a  press 
juice  in  which  the  hydrolysis  was  effected  by  3  ml  of  8  AT  HCl  for  30 
minutes  at  80°  C,  while  the  weight  of  sample  was  varied  from  50  to 
1 60  g.  In  Table  3  are  shown  the  polariscopic  readings  of  the  samples 
diluted  after  hydrolysis  to  a  uniform  concentration.  The  solutions 
containing  50  g  and  80  g  showed  identical  polarizations,  and  the  one 
containing  1 00  g  of  sample  showed  but  slightly  lower  polarization.  The 
experiments  indicate  that  the  conditions  selected  for  hydrolysis  are 
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valid  even  if  the  dry  substance  is  increased  nearly  100  per  cent.  Such 
a  range  of  concentrations  is  great  enough  for  the  analysis  of  all  natur- 
ally occurring  juices,  or  more  specifically,  for  samples  which  contain 
not  in  excess  of  19  g  of  dry  substance.  In  case  of  uncertainty  the 
volume  of  8  N  HC1  can  safely  be  increased  to  4  ml. 

Table  2. — Hydrolysis  of  artichoke  press  juice  with  hydrochloric  acid 

(50  g  Juice,  4  ml  8  N  HC1, 80°  C.) 


Time  of 
hydrolysis 

Reducing 
sugars 

Levulose 

Ratio: 
levulose 

reducing 
sugar 

Mathews 

ratio: 
levulose 

reducing 
sugar 

Minutes 

Per  cent 

Per  cent 

Per  etnt 

Per  cent 

10 

17.73 

15.25 

85.0 

82.4 

25 

17.78 

15.26 

85.8 

82.6 

40 

17.82 

15  25 

S5.  8 

82.7 

60 

17.83 

15  33 

{■6.0 

82.7 

90 

17.91 

15.38 

85.9 

82.7 

Table  3. — Buffer  action  of  artichoke  juice,  19.8  brix 
(3  ml  8  iV  HC1,  30  minutes,  80°  C.) 


Weight  or 
l>ress  juice 

Polariza- 
tion at  con- 
centration 
25  r  per 
100  ml 
X(-l) 

Relative 
hydrolysis 

0 

°s. 

Per  cent 

50 

35  7 

100.0 

80 

35.7 

100.0 

100 

35.6 

99.7 

125 

30.9 

86.7 

160 

18.9 

52.9 

III.  ACCESSORY  DATA 
1.  VOLUME  OF  MARC  AND  LEAD  PRECIPITATE 

When  a  50-g  sample  of  pulped  artichokes  has  been  digested  and 
defecated  in  preparation  for  analysis  the  residual  marc  and  lead 
precipitate  appear  very  voluminous.  To  determine  the  total  volume 
displaced  a  sample  was  hvdrolyzed  and  defecated  in  a  weighed  and 
calibrated  200-mi  flask  and  the  total  mixture  weighed  after  being  made 
to  volume.  After  thorough  mixing,  a  small  "catch"  sample,  about 
25  to  30  g,  was  weighed,  made  to  200  ml,  and  filtered.  The  remainder 
of  the  sample  was  filtered  and  a  25.00-ml  aliquot  sample  made  to  200 
ml.  The  latter  and  the  filtrate  from  the  weighed  out  sample  were 
titrated  in  triplicate  for  total  reducing  sugar. 

If  F is  Lane  and  Eynon's  factor,  land  T'  the  titers,  respectively, 
of  the  aliquot  and  the  "catch"  sample,  V  the  calibrated  volume  of 
the  200-ml  flask,  v  the  volume  of  the  marc  and  precipitate,  W  the 
total  weight  of  the  hydrolyzed  and  defecated  sample  made  to  200  ml, 
and  w  the  weight  of  the  "catch"  sample,  then 

FV{V-v)  jiy~w)W  (1) 
25  T  Tw 
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in  which  both  terms  express  the  total  sugar  in  50  g  of  the  sample. 
All  quantities  are  directly  observed  except  v. 

Two  determinations  yielded  the  values  0.802  and  0.856  ml  for  the 
volume  of  the  marc  and  precipitate,  the  difference  being  within  the 
error  of  analysis.  We  shall  accept  the  value  0.8  ml  for  the  marc  of  a 
50-g  sample.  The  volume  of  the  marc  of  a  10-g  sample  will  therefore 
be  about  0.2  ml. 

It  is  of  interest  to  compare  this  value  with  the  volume  of  the  rnarc 
from  the  hot  water  digestion  of  the  sugar  beet.  A  26-g  sample  of  the 
latter  defecated  with  basic  lead  acetate  yields  a  volume  of  0.6  ml, 
while  a  similar  sample  of  artichoke  pulp  would  occupy  a  volume  of 
0.43  ml. 

2.  THE  MATHEWS  FORMULA 

In  the  previous  article  (RP426,  p.  433)  a  formula  was  derived  for  the 
calculation  of  the  ratio  (R)  of  levulose  to  total  sugar  in  pure  mixtures 
from  the  direct  polarization  and  Lane  and  Eynon  titration.  This 
formula  states  that 


R 


(2) 


in  which  P  is  the  direct  polarization,  T  the  corrected  Lane  and  E}'non 
titer,  and  D  the  number  of  volumes  to  which  one  volume  of  the  solu- 
tion polarized  is  diluted  for  titration.  A  graphic  solution  of  the  func- 
tion yielded  a  single  table  from  which  all  values  of  R  could  be  read  0 
interpolated. 

The  Mathews  ratio  has  been  compared  with  the  true  ratio  in  all 
products  which  have  been  analyzed  during  the  present  investigation. 
In  some  instances  because  the  measurements  required  for  its  solution 
can  be  made  with  higher  precision,  it  has  proved  more  serviceable  than 
the  ratio  determined  rigorously.  In  other  instances  a  considerable 
discrepancy  has  appeared. 

The  discrepancy  between  the  two  ratios  is  significant,  for  it  becomes 
an  indication  of  the  presence  of  optically  active  or  of  reducing  sub- 
stances which  are  not  levulose  or  dextrose.  In  special  cases  the  specific 
rotations  of  substances  accompanying  levulose  and  dextrose  in  natural 
products  are  known  and  can  be  employed  for  quantitative  estimation. 
Thus,  if  c  is  the  saccharimetric  normal  weight  (derived  from  the 
inverse  ratio  of  the  specific  rotations  of  sucrose  and  of  the  substance 
in  question),  V  the  volume  in  which  g  grams  of  the  sample  was  dis- 
solved for  polarization,  T  the  Lane  and  Eynon  titer,  D  the  number  of 
volumes  to  which  one  volume  of  the  solution  polarized  was  diluted  for 
titration,  and  AR  the  difference  between  the  true  ratio  and  the 
Mathews  ratio 

V\00gT  *  per  cent  °Ptical  impurity  (3) 

In  many  natural  products  it  is  not  to  be  expected  that  the  formula 
yields  an  accurate  measure  of  a  definite  substance.  It  is  rather  a 
measure  of  all  substances  which  are  not  dextrose  or  levulose,  arbi- 
trarily grouped  together  and  estimated  as  a  definite  substance  which 
is  known  to  be  present,  but  can  not  be  selectively  determined.  Appli- 
cations of  the  Mathews  formula  will  be  made  in  the  analyses  reported 
below. 
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3.  TITRATION  OF  REDUCING  SUGAR  IN  LOW  CONCENTRATION 

The  convenience  and  precision  of  Lane  and  Eynon's  volumetric 
procedure 4  suggest  the  desirability  of  extending  the  range  of  concen- 
trations of  sugar  to  greater  dilutions  in  order  to  permit  the  rapid 
analysis  of  sweet  waters,  exhausted  pulp  from  the  aiffusion  battery, 
and,  in  general,  any  solution  of  low  sugar  concentration.  Since  at  the 
end  of  Laue  and  Eynon's  titration  the  concentration  of  cupric  copper 
is  very  small,  it  is  evident  that  the  sharpness  of  the  end  point  is  inde- 
pendent of  the  initial  concentration  of  copper.  We  can  therefore 
take  for  titration  smaller  concentrations  of  copper  than  Lane  and 
Eynon  specified  for  their  standard  methods  and  still  expect  the  same 
definiteness  of  end  point,  bearing  in  mind,  however,  that  the  slight 
excess  of  suear  required  to  reduce  the  methylene  blue  becomes  an 
increasingly  Targe  proportion  of  the  total  titer  as  the  amount  of  copper 
is  diminished.  It  is  consequently  essential  that  the  volume  of  indi- 
cator be  constant  for  both  standardization  and  analysis. 

Lane  and  Eynon  have  shown  that  5  ml  of  the  alkaline  tartrate  con- 
stituent of  Soxhlet's  solution  is  sufficient  to  keep  the  cupric  copper  in 
solution  even  for  titrations  as  great  as  50  ml.  This  concentration  of 
tartrate  has  been  retained  in  the  following  experiments.  The  copper 
solution  has  been  diminished  to  2.5  ml  and  to  1.0  ml,  respectively,  and 
water  added  to  make  the  total  volume  10  ml. 

The  success  of  the  method  depends  more  upon  the  skill  of  the  anal- 
yst than  in  the  case  of  the  standard  methods.  In  order  to  perceive 
the  end  point  more  precisely  we  have  altered  the  standard  procedure 
of  Lane  and  Eynon.  Ten  milliliters  of  the  mixed  dilute  Soxhlet  re- 
agent was  transfered  to  a  150-ml  flask.  Somewhat  less  than  the  total 
volume  of  the  sugar  solution  required  to  reduce  the  copper  was  added, 
and  the  flask  being  neld  with  wooden  tongs,  the  reaction  mixture  was 
brought  to  boiling  during  continuous  agitation  over  a  low  free  flame. 
Boiling  was  continued  for  one-half  minute,  the  indicator  was  added, 
and  the  titration  completed  in  the  usual  manner.  This  procedure 
permits  a  close  perception  of  the  end  point. 

The  titrations  against  the  solutions  containing  2.5  ml  of  copper 
solution  proved  to  be  about  as  reproducible  as  those  by  the  standard 
methods.  The  factors  for  varying  ratios  of  levulose  to  total  sugar  and 
varying  titers  are  given  in  Table  4.  The  analyst  should  always  stand- 
ardize his  own  procedure  by  titration  of  a  known  solution.  The  devi- 
ation of  the  factor  from  the  tabulated  factor  found  by  experiment  can 
safely  be  considered  constant  throughout  the  table. 

Table  4. — Lane  and  Eynon  factors  for  10-ml  Soxhlet  solution  composed  of  2.5  ml 
copper-sulphate  solution,  2.5  ml  water,  and  5  ml  alkaline  tartrate 
(Indicator,  1  drop  of  1  per  cent  methylene  blue) 


Dex- 

Invert 

Levu- 

TiteX 

trose 

10 

20 

30 

40 

sugar 

60 

70 

80 

90 

lose 

0 

60 

100 

mi 

16 

26.2 

26.3 

26.4 

26.5 

26.6 

26.8 

26.9 

27.0 

27.1 

27.2 

27.3 

20 

20.4 

26.6 

2*5.  6 

26.  7 

28.8 

26.  & 

27.0 

27.1 

27.2 

27.3 

27.4 

25 

26.6 

20.  6 

26.7 

2«.  9 

27.0 

27.1 

27.2 

27.3 

27.4 

27.5 

27.6 

30 

26.7 

20.  H 

26.9 

27.0 

27.1 

27.2 

27.3 

27.4 

27.5 

27.7 

27.8 

40 

27.0 

27.1 

27.2 

27.3 

27.4 

27.5 

27.7 

27.8 

27.9 

28.0 

28.1 

60 

27.3 

27.4 

27.6 

27.6 

27.8 

27.0 

28.0 

28.1 

28.2 

28.3 

28.4 

^-25.74+0.0317  T+0.0107  R,  in  which  T  Is  titer,  and  R  the  ratio  of  levulose  to  total  sugar 
expressed  in  per  cent. 


*  J.  8oc.  Chem.  Ind.,  voL  42,  p.  32,  1923. 
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The  titrations  against  Soxhlet  solutions  containing  1  ml  of  copper- 
sulphate  solution  were,  as  expected,  less  reproducible  than  those 
against  the  standard  Soxhlet  solutions.  The  method  can,  however, 
be  relied  upon  probably  within  1  or  2  per  cent  of  the  quantity  meas- 
ured. Within  the  errors  of  titration  the  factor  proved  to  be  sensibly 
constant  for  variations  of  sugar  concentration  and  composition. 
The  mean  of  7  titrations  (indicator,  1  drop  of  0.2  per  cent  methylene 
blue)  yielded  a  value  of  the  factor  of  11.7. 

The  employment  of  solutions  containing  2.5  ml  of  copper  sulphate 
in  the  Soxhlet  solution  permits  the  titration  of  solutions  containing 
from  55  to  180  mg  of  hexoses  per  100  ml.  Soxhlet  solutions  containing 
1.0  ml  of  copper  cover  a  range  of  23  to  78  mg  in  100  ml. 

4.  STEFFEN'S  REAGENTS 

Many  of  the  intermediate  products  encountered  in  the  production 
of  levulose  by  the  levulate  process  require  a  determination  of  alkalinity 
expressed  as  CaO.  For  this  purpose  it  is  convenient  to  employ  the 
Steffen  reagents  which  are  used  in  the  beet-sugar  industry.  One 
milliliter  of  these  solutions  which  are  1.786  N  is  equivalent  to  0.05  g 
CaO.  Steffen's  HNOa  and  NaOH  are  suitable  for  the  determination 
of  total  CaO  by  the  usual  method.  To  these  are  added  hydrochloric 
acid  and  potassium  oxalate  of  the  same  normality.  For  convenience 
they  also  are  called  Steffen's  reagents  and  are  useful  for  the  neutraliza- 
tion and  removal  of  calcium  in  the  preparation  of  samples  for  sugar 
analysis.  These  solutions  are  all  of  equivalent  concentration  and 
consequently  the  amount  of  CaCa04.  HaO  which  is  precipitated  is 
related  definitely  to  the  volume  of  Steffen's  reagents  added.  For  each 
milliliter  of  Steffen's  reagent  0.13  g  of  calcium  oxalate  is  precipitated, 
and  if  the  density  of  the  precipitate  is  considered  2.05  •  the  volume 
displaced  is  0.064  ml.  The  product  of  0.064  and  the  volume  of 
Steffen's  oxalate  added  is  the  volume  displaced  by  the  precipitate. 

Calcium  oxalate  is  occasionally  difficult  to  separate  by  nitration 
when  precipitated  from  cold  solutions.  For  removing  both  calcium 
and  lead  a  mixture  of  77.8  g  of  KaHP04  and  82.2  g  of  K3C2O4.  H*0 
made  to  1  liter  is  particularly  satisfactory.  This  mixture  has  the 
same  total  normality  as  Steffen's  reagents.  The  mean  density  of  the 
precipitate  is  2.19,ft  and  the  volume  of  precipitate  from  1  ml  of  reagent 
is  0.065  ml. 

The  volume  displaced  by  the  calcium  precipitate  can  be  calculated 
and  deducted  from  the  volume  of  the  volumetric  flask.  It  simplifies 
the  subsequent  calculation,  however,  to  add  by  means  of  a  graduated 
pipette  a  volume  of  water  above  the  mark  of  the  flask  equal  to  the 
volume  of  the  precipitate.  This  procedure  is  adopted  for  the  methods 
suggested  below. 

IV.  ANALYTICAL  PROCEDURE 
1.  ARTICHOKES  OR  SIMILAR  PRODUCTS 

The  total  reducing  sugar  in  these  products  can  be  determined  by 
Lane  and  Eynon  titration  and  the  levulose  either  by  the  modified 
Nyns  method  or  by  polarization  at  two  temperatures. 

*  Calculated  from  data  In  Handbook  of  Chemistry  and  Physics,  13th  ed.  Chemical  Bulletin  PubBshinj 
Co..  p.  190, 1»28. 

•  See  footnote  5. 
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(a)  PREPARATION  AND  HYDROLYSIS  OF  SAMPLE 

Unless  the  substance  is  already  fluid  or  finely  divided,  comminute 
the  material  in  a  food  chopper  or  similar  appliance  and  mix  the  sample 
thoroughly.  Transfer  a  weighed  sample  (the  amount  depending  upon 
the  method  of  analysis  selected)  to  a  200-ml  Soxhlet  nask  and  add 
water  to  about  175  ml.  Add  3  ml  of  8  N  HC1,  digest  in  a  water  bath 
at  80°  C.  for  35  minutes.  Cool  and  add  a  saturated  solution  of  normal 
lead  acetate  (about  1  ml  for  a  7  to  10  g  sample  and  3  to  6  ml  for  a  50-g 
sample).  Add  2.9  ml  of  8  iV  NaOH  with  very  vigorous  agitation, 
avoiding  any  local  alkalinity.  Make  to  volume,  mix  thoroughly,  and 
allow  to  stand  for  several  minutes.  Again  mix  and  filter.  Proceed 
by  (6)  or  (c). 

(b)  ANALYSIS  BY  LANE  AND  BYNON  TITRATION  AND  THE  MODIFIED  NYN8 

METHOD 

Weigh  out  an  amount  of  the  original  sample  which  contains  about 
1  to  1 .5  g  of  reducing  sugar.  This  will  vary  between  about  7  and  10  g. 
The  concentration  of  sugar  in  the  sample  can  be  roughly  gaged,  if 
necessary,  by  refractometric  examination  of  thejuice  and  by  assuming 
a  total  sugar  purity  of  about  85  per  cent.  Hydrolyze  in  a  200-ml 
flask,  defecate,  make  to  volume  0.2  ml  above  the  mark,  and  filter,  as 
described  under  (a).  Titrate  the  filtrate  directly  against  25  ml  of 
mixed  Soxhlet  reagent  according  to  Lane  and  Eynon's  method.7 
Apply  a  correction  to  the  titer  (T)  if  titrations  of  standard  solutions 
fail  to  show  exact  correspondence  with  Lane  and  Eynon's  factors 
(RP426,  p.  439). 

Assuming  that  the  ratio  of  levulose  to  total  sugar  is  about  75  per 
cent,  calculate  from  the  total  sugar  titration  the  volume  of  the  filtrate 
which  contains  about  75  mg  of  levulose.  Add  this  volume  to  50  ml 
of  Ost's  solution  and  add  sufficient  water  to  make  70  ml.  Determine 
levulose  as  previously  described  (RP426,  p.  425). 

Calculate  the  ratio  (R)  of  levulose  to  total  sugar  by  means  of  Table 
25  (RP426,  p.  444).  Refer  to  Table  22  (RP426,  p.  439)  for  the  proper 
Lane  and  Eynon  factor.    Calculate  sugars  in  the  original  sample  by 

rxweight2sample  =  Per  cent  total  su^ar 
flXper  cent  total  sugar  =  per  cent  levulose. 

(c)  ANALYSIS  BY  LANE  AND  BYNON  TITRATION  AND  TEMPERATURE  COEFFICIENT 

OF  POLARIZATION 

Weigh  out  a  50-g  sample,  transfer  to  a  200-ml  Soxhlet  flask,  hy- 
drolyze, and  defecate  as  described  under  (a).  Make  to  volume  0.8 
ml  above  the  mark.  Remove  lead  from  the  filtrate  by  addition  of 
dry  sodium  oxalate  or  a  mixture  of  dry  oxalate  and  phosphate.  Polar- 
ize at  or  near  20°  C.  (  =  Pi)  and  at  about  70°  C.  in  a  water-jacketed 
polariscope  tube,  noting  accurately  the  respective  temperatures  of 
polarization  (RP426,  p.  418). 

Correct  the  high  temperature  polarization  for  the  thermal  expansion 
of  the  solution  by 

Pod..[1 +  0.00043  (t2-tl))  =  P2 
and  calculate  the  per  cent  of  levulose  by 

0.0344(^1) =  per  cent  levulose 

» J.  Soc.  Cbem.  Ind.,  vol.  42,  p.  32, 1922.  J.  Assoc.  Official  Agn.  Chero.,  voL  9,  p.  86, 1926. 
to  titer,  see  B.  S.  Jour.  Research,  voL  8  (KP426;,  p.  420,  1932. 
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valid  for  a  2-dm  polariscope  tube.  If  a  4-dm  tube  is  used  divide  the 
result  by  2. 

Pipette  a  volume  of  the  filtrate  which  contains  about  1  to  1.5  g  of 
reducing  sugar,  make  to  200  ml  and  titrate  against  25  ml  of  Soxhlet's 
solution  by  Lane  and  Eynon's  method.    Calculate  total  sugar  by 
FX  20X200    FX  80 

T  X  v  X  50  "  Tx7  =  per  cent  total  suSar 
in  which  v  is  the  volume  diluted  to  200  ml  for  titration.    The  factor 
F  must  be  taken  from  the  column  in  Table  22  (RP426,  p.  439)  which 
corresponds  to  the  proper  ratio  of  levulose  to  total  sugar. 

(d)  PURITY  OF  DIFFUSION  OR  PRESS  JUICE 

The  definition  of  purity  of  diffusion  or  press  juice  is  to  some  extent 
arbitrary.  The  dry  substance  determination  is  necessarily  made  before 
the  addition  of  the  hydrolyzing  agent,  while  the  sugar  analysis  is 
made  after  such  addition.  There  is  therefore  a  change  in  the  dry 
substance  between  the  two  operations.  It  would  be  possible  to  hydro- 
lyze  with  some  reagent,  such  as  sulphuric  acid,  and  remove  it  after 
hydrolysis  with  barium  hydroxide.  This  procedure  would  not  only 
be  too  tedious  for  routine  analysis,  but  would  yield  the  purity  not  of 
the  original  juice  but  of  the  defecated  juice,  since  neutralization  of 
the  acid  would  be  accompanied  by  defecation.  It  therefore  seems 
advisable  for  practical  purposes  to  define  arbitrarily  the  purity  as  the 
ratio  of  levulose  (or  of  total  sugar)  after  hydrolysis  to  the  apparent 
dry  substance  before  hydrolysis.  Such  purity  will  of  course  be 
"apparent." 

Dry  substance  determination  of  artichoke  juices  are  most  satis- 
factorily made  by  re  frac  tome  trie  or  densimetric  estimation.  A  refer- 
ence of  such  observation  to  Tables  18,  19,  or  20  (RP426,  pp.  437-438) 
yields  "apparent"  dry  substance,  since  the  tables  are  strictly  valid 
only  for  pure  levulose  solutions.  The  dry  substance  can  be  determined 
by  desiccation  methods,  but  the  latter  are  difficult  because  the  end 
point  of  the  drying  is  never  sharply  determinable.  Moreover,  the 
dry  substance  is  stul  "apparent"  with  respect  to  the  sugar  analysis, 
for  it  consists  of  polysaccharides  which  take  up  water  upon  hydrolysis. 

Having  determined  the  apparent  dry  substance,  weigh  out  a  quan- 
tity of  juice  containing  1  to  1.5  g  of  total  su^ar  and  analyze  as  de- 
scribed under  (6),  or  10  to  15  g  and  proceed  as  in  (c).  Divide  the  per- 
centage of  levulose  by  percentage  of  dry  substance  to  obtain  the  ap- 
parent purity. 

(e) 


The  general  methods  described  above  can  be  applied  to  any  plant 
material  which  contains  polysaccharides  similar  in  nature  to  those 
present  in  the  Jerusalem  artichoke,  dahlia,  or  chicory.  Only  when  the 
whole  plant  material  is  included  in  the  sample  is  the  allowance  made 
for  the  volume  of  the  marc. 

Juices  which  have  been  hydrolyzed  and  defecated  in  preparation 
for  the  lime  precipitation  process  can  be  analyzed  by  the  methods 
described  under  (6)  or  (c),  omitting  the  directions  for  hydrolysis.  It 
is  essential  that  calcium  be  completely  removed  by  oxalate  or  oxalate- 
phosphate  mixture,  because  it  interferes  seriously  with  the  reducing 
sugar  analysis. 

In  order  to  facilitate  the  introduction  of  a  50-g  sample  of  pulped 
plant  material  into  a  200-ml  flask  it  is  convenient  to  make  use  of  a 
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brass  funnel,  the  stem  of  which  extends  into  and  below  the  neck  of 
the  flask,  and  a  plunger  consisting  of  a  solid  brass  cone  with  a  rod 
attached  to  the  smaller  end. 

Defecation  with  normal  lead  acetate  is  more  complete  in  neutral 
or  but  slightly  acid  solution.  The  hydrochloric  acid  can  be  neutral- 
ized in  the  manner  described  if  the  agitation  is  sufficiently  vigorous 
to  avoid  local  alkalinity.  If  preferred  an  8  Ar  solution  of  potassium 
acetate  can  be  substituted  for  the  NaOH.  This  solution  can  be  con- 
veniently prepared  by  neutralizing  about  50  £  of  KOH  with  about 
47  to  50  ml  of  standardized  glacial  acetic  acid  and  completing  the 
volume  to  100  ml. 

An  approximate  determination  of  levulose  in  artichokes  can  be 
made  by  applying  the  Mathews  formula.  The  filtrate  from  a  50-g 
sample  is  polarized  directly  and  an  aliquot  volume  titrated  for  reduc- 
ing sugars.  From  the  observed  data  total  sugar  and  levulose  are  cal- 
culated in  the  manner  described  in  RP426,  p.  433.  The  errors  in  the 
ratio  which  result  from  the  application  of  the  Mathews  formula  to 
artichoke  and  dahlia  juices  are  to  be  ascribed  mainly  to  the  presence 
of  the  dextrorotatory  nonreducing  difructose  anhydrides.  In  Tables 
1  and  2  are  given  the  true  and  the  Mathews  ratio,  the  deviation  of  the 
latter  averaging  about  3.0  per  cent  of  the  quantity  measured. 

The  addition  of  3  ml  of  8  N  HC1  is  suflicient  for  hydrolysis  if  the 
sample  contains  not  in  excess  of  19  g  of  dry  substance.  If  greater 
weights  of  dry  substance  are  present  add  4  ml. 

2.  EXHAUSTED  PULP  AND  PULP  WATER  (RAPID  METHOD) 

The  control  of  the  diffusion  process  for  the  extraction  of  juice  from 
artichokes  or  similar  plants  requires  a  rapid  anatysis  of  the  pulp  and 
pulp  water  from  the  last  cell  of  the  battery  as  soon  after  its  discharge 
as  possible. 

Grind  the  pulp  sample  through  a  food  chopper  and  express  the 
juice  by  means  of  a  tincture  press  or,  preferably,  a  hydraulic  press. 
Pipette  100  ml  into  a  200-ml  volumetric  flask.  Add  4  ml  of  8  N  IIC1 
and  immerse  the  flask  in  a  boiling-water  bath  for  four  minutes. 
Remove  from  the  bath  and  cool  rapidly.  Add  1  ml  of  saturated  lead 
acetate  and  4  ml  of  8  N  NaOH.  Make  to  volume,  filter,  and  titrate 
by  Lane  and  Eynon's  method  against  25  or  10  ml  of  mixed  Soxhlet 
solution  according  to  the  concentration  of  sugar. 


Pipette  175  ml  of  pulp  water  into  a  200-ml  flask  and  add  4  ml  of 
8A'HC1.  I  mmerse  in  boiling  water  and  proceed  as  described  in  the 
previous  paragraph. 


If  the  concentration  of  sugar  is  too  low  for  titration  by  the  standard 
Lane  and  Eynon  methods,  titrate  against  one  of  the  dilute  Soxhlet 
reagents  by  the  method  described  on  page  603. 


FX0.2 


=  grams  of  reducing  sugar  in  100  ml 


Fx0.UA 
f 


=  grams  of  reducing  sugar  in  100  ml 
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3.  LEVULATE  SLUDGE 

Because  of  the  instability  of  the  reducing  sugars  in  the  alkaline 
medium  in  which  calcium  levulate  is  precipitated  the  levulate  sludge 
must  be  sampled  and  neutralized  without  delay. 

(a)  TOTAL  CaO 

Weigh  out  20  g  of  the  thoroughly  mixed  sludge  and  wash  into  a 
porcelain  casserole.  Add  20  ml  of  Steffen's  HN03,  stir  with  a  glass 
rod  until  completely  dissolved,  and  boil  for  three  to  five  minutes. 
Cool  and  titrate  to  a  faint  pink  with  Steffen's  NaOH  (phenolphthalein) 

Titer-*-4  =  per  cent  CaO 

(b)  TOTAL  REDUCING  SUGAR 

Weigh  out  15  g  of  the  sample,  wash  into  a  porcelain  casserole,  and 
titrate  to  slight  acidity  with  Steffen's  HC1.  Add  a  volume  of  Steffen's 
potassium  oxalate-phosphate  mixture  equal  to  the  volume  of  the 
Steffen's  HC1  plus  a  sufficient  quantity  to  precipitate  any  neutral 
calcium  which  may  have  been  introduced  with  the  defecated  juice. 
Wash  into  a  200  ml  volumetric  flask,  make  to  volume,  and  add  by 
means  of  a  graduated  pipette  an  excess  of  water  equal  to  the  volume 
of  the  precipitate.  (See  p.  604.)  Filter  and  titrate  directly  against 
25  ml  of  mixed  Soxhlet  solution  by  Lane  and  Eynon's  method  for 
total  reducing  sugars.    Calculate  by 

AXF  ,  . 

g-^-y,=  per  cent  reducmg  sugar 

in  which  F  is  Lane-Eynon's  factor  and  T  the  corrected  titer. 

(c)  LBVULOSB 

In  most  instances  the  ratio  of  levulose  to  total  reducing  sugar  will 
have  been  determined  previous  to  the  precipitation  process.  If  so, 
the  known  ratio  can  be  applied  to  the  percentage  of  total  reducing 
sugar  to  compute  the  percentage  of  levulose.  The  latter  can  be 
determined  by  analysis  of  the  above  nitrate  by  taking  a  volume  con- 
taining about  75  mg  of  levulose  and  proceeding  by  the  modified 
Nyns  method  as  described  in  RP426,  page  425.  Calculate  the  ratio, 
R,  as  described  in  RP426,  page  444. 

R  X  per  cent  total  sugar  =  per  cent  levulose 

4.  LEVULATE  CAKE 
(a)  TOTAL  CaO 

Weigh  out  10  g  of  the  sample  and  wash  into  a  porcelain  casserole. 
Add  an  excess  (usually  25  ml)  of  Steffen's  HNOs.  Stir  with  a  glass 
rod  until  dissolved,  place  over  a  flame,  and  allow  it  to  boil  from 
three  to  five  minutes.  Add  a  few  drops  of  phenolphthalein  and 
titrate  to  a  faint  pink  with  Steffen's  NaOH. 
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Titer- 2  =  per  cent  CaO 

(b)  TOTAL  SUGAR  AND  LEVULOSE 

Weigh  out  20  g  of  the  sample,  wash  into  a  porcelain  casserole,  and 
itrate  to  slight  acidity  with  Steffen's  HC1  (phenolphthalein).  Wash 
nto  a  200  ml  volumetric  flask.  Add  a  volume  of  Steffen's  oxalate- 
)hosphate  mixture  slightly  in  excess  of  the  determined  volume  of 
Heffen's  HN08  which  was  required  for  the  CaO  determination, 
vlake  to  volume  and  add  an  excess  of  water  equal  to  the  volume  of 
he  precipitate,  that  is,  0.065  X  milliliters  of  Steffen's  reagents  used. 

Polarize  the  filtrate,  preferably  in  a  400  mm  tube,  at  or  near  20°  C, 
•ecording  the  temperature  of  observation.  The  negative  polarization 
)f  levulose  is  enhanced  in  the  presence  of  KC1,  1  £  in  100  ml  increasing 
t  in  the  negative  sense  by  0.59  per  cent.  Since  there  is  formed 
3.1332  g  of  KC1  for  each  milliliter  of  Steffen's  reagent  added,  diminish 
:he  negative  polarization  by  0.078  per  cent  of  its  value  for  each 
nilliliter  of  Steffen's  reagent  used. 

Pipette  50  ml  of  the  filtrate  into  a  200  ml  flask,  make  to  volume, 
and  titrate  against  25  ml  of  Soxhlot's  solution. 

From  the  corrected  polarization  and  the  corrected  titer  calculate 
the  Mathews  ratio  in  the  manner  described  on  p.  440,  RP426,  remem- 
bering that  the  polarization,  P,  in  the  formula  refers  to  the  rotation 
in  a  2  dm  column.    Calculate  by 

^  =  per  cent  total  sugar, 

and 

RXper  cent  total  sugar  =  per  cent  levulose 

5.  WASTE  WATER 
(a)  CaO 

Weigh  out  100  g  of  the  sample,  wash  into  a  porcelain  casserole,  and 
titrate  with  Steffen's  HC1  (phenolphthalein).  Save  the  solution  for 
(6)  and  (c). 

Titer- 20  =  per  cent  CaO 

(b)  TOTAL  SUGAR 

Wash  the  titrated  solution  into  a  200  ml  volumetric  flask  and  add 
a  volume  of  Steffen's  oxalate-phosphate  mixture  equal  to  the  titer 
for  CaO.  If  the  solution  is  derived  from  a  juice  which  has  been 
hydrolyzed  with  H2SO<  and  defecated  with  lime,  add  an  additional 
15  ml  of  the  oxalate-phosphate  mixture.  The  calcium  must  be 
completely  removed.  Make  to  volume  and  add  an  excess  of  water 
equal  to  the  volume  of  the  precipitate;  that  is,  0.065  X  milliliters  of 
Steffen's  reagent.  From  the  filtrate  pipette  a  volume  containing 
about  1  g  of  total  sugar  into  a  200  ml  volumetric  flask,  make  to 
volume,  and  titrate  against  25  ml  of  mixed  Soxhlet  reagent. 

(c)  LEVULOSE 

Assuming  a  ratio  of  levulose  to  total  sugar  of  35  per  cent,  compute 
the  volume  of  the  original  filtrate  which  contains  about  75  mg  of 
"apparent"  levulose,  add  this  volume  to  50  ml  of  Ost's  reagent, 
make  to  70  ml,  and  proceed  as  directed  on  page  425,  RP426.  Cal- 
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culate  the  ratio  of  levulose  to  total  sugar  in  the  usual  way  by  referring 
to  Table  22  (RP426,  p.  444)  and  find  the  total  sugar  and  levulose  by 
the  following  formulas: 


where  F  is  Lane  and  Eynon's  factor,  T  is  the  Lane  and  Eynon  titer, 
and  v  is  the  volume  of  solution  which  was  diluted  to  200  ml  for  the 
titration : 


Some  uncertainty  is  introduced  by  assuming  a  value  for  the 
neutral  calcium  which  is  precipitated.  The  variations  from  the 
value  given  above  will,  in  general,  be  within  the  analytical  accuracy. 
If  desired,  the  calcium  can  be  precipitated  by  dry  sodium  oxalate 
and  the  uncertainty  avoided. 


The  levulose  solutions  which  are  prepared  by  carbonation  of  the 
levulate  cake  are  of  relatively  high  purity.  After  filtration  from 
the  calcium  carbonate  they  are  freed  from  calcium  bicarbonate  by 
evaporation  or  other  means  and  filtered.  At  this  point  an  analysis 
is  of  significance  in  determining  the  completeness  of  the  separation 
of  levulose  from  its  impurities. 

It  has  already  been  shown  that  for  artichoke  juices  the  Mathews 
ratio  differs  but  slightly  from  the  true  ratio,  a  fact  which  indicates 
that  the  optically  active  substances  in  the  juice  are  mainly  levulose 
and  dextrose.  It  follows,  then,  that  in  the  purified  liquors  from 
which  most  of  the  impurities  have  been  removed  the  Mathews  ratio 
will  approach  the  true  ratio  very  closely.  Inasmuch  as  the  analyti- 
cal operations  contributing  to  the  determination  of  the  Mathews 
ratio  are  far  more  precise  and  reproducible  than  those  depending 
upon  Nyns's  method,  it  is  to  be  recommended  that  the  levulose 
purity  of  high  purity  liquors  be  determined  on  the  basis  of  the 
Mathews  ratio  solely. 

(•)  DRY  SUBSTANCE 

Determine  drv  substance  by  measurement  of  density,  referring  the 
observation  to  Tables  18  or  19  (RP426,  p.  437),  or  by  refractometer 
reading,  referring  to  Table  20  (RP426).  If  the  sirup  has  too  high 
a  concentration  for  the  polarization  which  is  to  follow,  it  must  be 
diluted  to  below  17.2  per  cent  for  a  20°  C.  polarization,  or  below 
17.9  per  cent  for  25°  polarization.  In  this  case  the  dry  substance 
measurement  must  be  repeated  for  the  diluted  solution,  or  a  weighed 
amount  of  the  concentrated  solution  must  be  diluted  with  a  weighed 
amount  of  water. 


Polarize  the  diluted  solution  directly,  recording  the  temperature 
of  observation  accurately.  From  this  observation  and  the  percent- 
age of  dry  substance  of  the  solution  the  "apparent"  purity  can  be 
calculated  by  assuming  that  all  optically  active  material  is  levulose. 
Correct  the  direct  polarization  to  either  20°  or  25°  C.  by  assuming 
an  expansion  coefficient  of  0.00043  and  a  polarization  temperature 


40XF 
Txv 


=  per  cent  total  sugar 


Per  cent  total  sugar  X  12  =  per  cent  levulose 


6.  EVAPORATOR  LIQUORS 


(b)  DIRECT  POLARIZATION  AND  APPARENT  PURITY 
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coefficient  of  0.0344°  S.  for  each  gram  of  levulose  per  degree  change 
>f  temperature.  Correct  for  concentration  by  Table  21  (RP426, 
).  439).  Multiply  the  normal  weight  (18.407  g  at  20°  C.  or  19.003  g 
it  25°  C.)  by  the  direct  polarization  and  divide  by  the  number  of 
p-ams  of  dry  substance  in  100  ml.    (See  below.) 


Compute  from  the  polarization  or  dry  substance  analysis  the  vol- 
une  of  solution  containing  about  1  g  of  total  sugar.  Transfer  this 
volume  to  a  200-ml  volumetric  flask,  make  to  volume,  and  titrate 
igainst  25  ml  of  mixed  Soxhlet  reagent. 


From  the  direct  polarization  and  reducing  sugar  titration  compute 
the  product  Px  T/D  and  determine  the  ratio  of  levulose  to  total  sugar 
by  reference  to  Table  24  (RP426,  p.  442;  see  also  example  on  p.  440). 
The  true  purity  of  the  sample  is 


in  which  F  is  Lane  and  Eynon's  factor,  R  the  Mathews  ratio,  T  the 
corrected  titer,  D  the  number  of  volumes  to  which  the  solution  polar- 
ized was  diluted  for  titration,  and  S  the  grams  of  dry  substance  in 
100  ml  of  the  solution  polarized.  The  latter  is  determined  by  multi- 
plying the  percentage  of  dry  substance  by  the  density  as  given  in 
Table  18  (RP426,  p.  437).  This  product  is  the  weight  of  dry  sub- 
stance in  vacuo  and  for  precise  work  should  be  diminished  by  0.11  per 
cent  of  its  value  to  give  its  weight  in  air  with  brass  weights. 


The  methods  of  selective  levulose  analysis  are  applicable  to  any 
product  containing  levulose.  In  order  to  illustrate  further  possible 
applications,  we  have  analyzed  samples  of  honey  and  such  fruits  as 
were  immediately  available. 

The  samples  of  honey  were  supplied  by  the  Bee  Culture  Laboratory, 
of  the  United  States  Department  of  Agriculture.  Dry  substance  de- 
terminations were  made  by  C.  F.  Snyder,  of  this  bureau,  by  rcfractom- 
eter  readings  referred  to  Table  20  (RP426,  p.  438).  The  samples 
were  prepared  for  analysis  by  weighing  out  20  g  and  washing  mto 
200-ml  volumetric  flasks.  The  solutions  were  clarified  satisfactorily 
by  addition  of  alumina  cream.  Sucrose  was  estimated  by  determin- 
ing polarizations  before  and  after  inversion  with  invertase.  Both  the 
original  and  inverted  solutions  were  subjected  to  a  complete  sugar ' 
analysis  by  the  general  procedure  outlined  on  pages  604-606.  Before 
calculating  the  Mathews  ratio,  the  rotation  of  the  sucrose  was 
deducted  from  the  direct  polarization. 

The  analytical  data  are  assembled  in  Table  5.  This  group  of  sam- 
ples showed  a  ratio  of  levulose  to  total  sugar  not  greatly  in  excess  of 
50  per  cent;  the  ratio  is  therefore  not  appreciably  altered  by  the  inver- 
sion of  the  sucrose.  The  deviation  of  the  Mathews  ratio  from  the 
true  ratio  has  been  solved  by  formula  (3)  under  the  arbitrary  assump- 
tion that  the  deviation  is  due  to  dextrins.    If  a  specific  rotation  of 


(c)  TOTAL  SUGAR 


(d)  TRUE  PURITY 


FxRxD 
TXSXIQ 


=  per  cent  purity 


V.  HONEY  AND  VARIOUS  FRUITS 
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+ 150°  C.8  is  assigned  to  these  substances,  the  constant  c  in  formula 
(2)  acquires  a  value  of  11.5.  It  is  apparent  from  columns  8  and  13 
that  these  substances  occur  in  all  the  samples  analyzed  and  that  nor- 
mal nectar  honeys  contain  a  mean  of  about  4.6  per  cent.  Obviously, 
if  honey  were  adulterated  with  any  considerable  quantity  of  invert 
sugar,  the  deviation  of  the  Mathews  ratio  from  the  true  ratio  will 
diminish.  The  suggestion  is  made  that  this  method  of  grouping  these 
substances  under  the  designation  "apparent  dextrins"  may  be  useful 
in  the  critical  examination  of  honey.  In  the  honey  dew  and  the  melez- 
itose  honey  the  quantity  of  apparent  dextrins  becomes  very  large. 
The  melezitose  honey  shows  no  significant  change  in  ratio  or  in  the 
apparent  dextrins  before  and  after  inversion,  indicating  that  melezi- 
tose is  unaffected  by  invertase.  In  confirmation  of  this  fact,  a  sample 
of  pure  melezitose  showed  no  change  in  polarization  after  treatment 
with  invertase.  The  total  carbohydrates  in  the  melezitose  honey  fall 
far  short  of  the  total  dry  substance.  This  arises  from  the  fact  that 
we  ascribed  a  specific  rotation  of  + 150  to  the  undertermined  carbo- 
hydrates. If  we  make  the  assumption  that  the  total  carbohydrate 
purity  is  98.2  per  cent  (the  mean  of  the  remaining  honeys)  and  assign 
a  specific  rotation  of  +150  to  the  dextrins  and  +87.8  to  melezitose, 
we  can  solve  simultaneously  for  the  two  latter  substances.  Such 
a  solution  yields  values  of  3.9  per  cent  dextrins  and  20.2  per  cent 
melezitose. 

The  samples  of  fruit  were  obtained  by  purchase  from  commercial 
sources.  No  attempt  was  made  to  secure  representative  samples, 
since  the  purposes  of  the  present  article  were  merely  to  illustrate  the 
applicability  of  the  methods  of  analysis.  Although  some  of  the  fruits 
were  "out  of  season"  at  the  time  of  the  analysis  (March),  they  were 
in  every  case  firm  and  sound. 

The  analyses  refer  only  to  the  press  juice  which  was  obtained  by 
extraction  of  the  comminuted  sample  in  a  small  tincture  press.  Con- 
siderable dimculty  was  encountered  in  the  filtration  of  the  solution 
after  defecation  with  normal  lead  acetate,  but  this  was  overcome  in 
some  cases  by  sedimentation  in  a  centrifugal  machine.  The  solutions 
from  the  deeply  colored  fruits  in  some  cases  remained  discolored  after 
defecation,  but  were  completed  bleached  by  one  or  two  drops  of  a 
0.5  N  sulphur  dioxide  solution. 

One  hundred  grams  of  the  sample  of  press  juice  was  transferred  to  a 
200  ml  flask,  defecated  with  normal  lead  acetate,  and  filtered  or 
sedimented.   Lead  was  removed  by  adding  a  mixture  of  dry  sodium 


invertase  method,  and  total  sugars  and  levulose  by  the  methods 
previously  described.  The  ratio  of  levulose  to  total  sugar  as  de- 
termined by  the  Mathews  formula  was  derived  from  the  titer  and 
from  the  direct  polarization  corrected  for  the  rotation  of  sucrose.!^ 

The  analytical  data  are  shown  in  Table  6.  It  is  noteworthy  that 
all  of  the  fruits  examined,  except  the  cranberries,  showed  an  excess  of 
levulose,  slight  in  many  cases,  but  rising  to  great  predominance  in 
apples  and  pears.  The  deviation  of  the  Mathews  ratio  from  the  true 
ratio  as  shown  in  column  8  is  small  in  all  cases  except  the  peach  and 
the  cranberry  in  which  it  assumes  large  negative  values.  This  indi- 
cates the  presence  of  a  levorotatory  substance. 

•  Browne's  Handbook  of  8ugar  Analysis,  p.  523.  John  WUey  &  Sons,  New  York,  1W2. 


phosphate  and  sodium  oxalate. 
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Principal  floral 


of 


tumac  

vhite  clover  

luckwheat  

3)eod  No.  1  

Ufalfa  

Miurw  ood. ......  —   - 

■'ire  weed  

lallberry  

loldenrod  

Uend  No.  2  

loney  dew  (incense  cedar) 
Uclezitose  honey  


Dry- 
sub - 


Per  cent 
82.54 
82.42 
81.08 
82.42 

85.68 
82.46 

83.24 

82.16 
K4.S4 
86.44 
83.50 


Sucrose 


Per  cent 
3.26 
1.69 
.44 
1.61 

4.73 
1.41 
4.54 

.83 

.68 
1.65 
2.00 

.30 


Reduc- 
ing 
sugars 


Per  cent 
72. 13 
76.00 
75.53 
78.60 

76.05 
69.  17 
74.76 
73.20 

77.08 
77.81 
61.05 
67.61 


levu- 
lose 


Per  cent 
37.53 
30.26 
38.  97 
42.02 

39.63 
3*.  94 
40.97 
41. 14 

30.03 
30.02 
28. 95 
32.57 


Ratio: 
Levulose 

reducing 
sugar 


Per  cent 
51.0 
51.6 
51.6 
53.4 

52.1 
56.  3 
54.8 
56.2 

51.8 
51.3 
47.4 
56.  .1 


Mathews 

ratio: 
Levulose 
reducing 

sugar 


Per  cent 

43.2 
46.0 
46.3 

50.3 

44.8 
44.8 
47.4 
48.5 

47.0 
45.8 
11.4 
27.0 


Appar- 
ent 
deUrins 


Per  cent 
5.81 
3.32 
3. 71 
2.26 

5.15 
7.99 
5.12 
5.21 

3.43 

3.97 
20.43 
15.70 


Honey  after  inveitase  inversion 


Principal  floral  source  of  honey 

Reducing 
sugars 

Ratio: 
Levulose 
reducing 

Mathews 

ratio: 
Levuloine 
reducing 

sugar 

Apparent 
deitrins 

Per  tent 

Per  cent 

Per  cent 

Per  cent 

Per  cent 

75.50 

38.96 

51.6 

43.4 

6. 75 

White  clover  

77.70 

40.09 

51.6 

46.0 

3.30 

75. 67 

30.  !2 

51.7 

46.3 

3.W) 

79.11 

41.37 

5?.  3 

50.4 

J. 40 

Alfalfa  

80.  45 

41. 11 

51. 1 

45.1 

4.49 

70.27 

39.56 

66.3 

43.9 

8.07 

79.  01 

43.22 

M.7 

47.5 

5.28 

74.  13 

41.74 

56.3 

48.3 

5. 49 

rioldenrod   - . 

77. 32 

40.52 

52.4 

47. 1 

3.80 

Blend  No.  2  _  

79.23 

40  SO 

51.5 

45. 8 

4.20 

Meleritose  honey 

62.78 

30.  62 

48.1* 

12.5 

21.17 

67.06 

33.26 

57.4 

27.0 

16.27 

Table  6—  Analyses  of  fruits 


Fruit 

Dry 

sub- 
si  ance 
by  re- 
frn<  (Hin- 
der 

Kf»  due- 

itii' 
sugars 

Levu- 
lose 

Ratio: 
Levulose 

reducing 

Mathews. 

rat  io: 
Levulose 
re'-.m  ins 

Total 
supar 
purity 

Per  ernt 

/Vr  entt 

/Vr  ct  t\i 

Per  cent 

Per  cent 

Per  cent 

Per  ef 

Per  cent 

Peach,  "Old  Gold"... 

lfi  50 

H.  fi2 

a.  n 

1 .  h2 

57.  4 

63.  >} 

-(5.  J 

71  5 

A  [»[>le,  "Delicious"  . . 

1H.  14 

1.  SO 

9.  63 

fl.  5> 

B.H.  ;< 

m.  s 

-l.f> 

*7.0 

1'ear.  'D'Anjou"  

]  7.  <r, 

1.  24 

9.  99 

H.  S^i 

Ml.  7 

2.2 

65.8 

;w 

.  40 

2.  03 

1.07 

52,  9 

51  > 

1.  1 

29.2 

VI.  07 

4.50 

5.07 

2.  65 

52.  2 

51.7 

.5 

79.3 

Grapefruit  

n.  M 

4.  03 

6.  05 

w.  17 

■12.  5 

51.3 

1.2 

72.8 

Orepes.  "  Almeria". . . 

|K  Of, 

.  19 

16.  2* 

S.  32 

51.  1 

4S.6 

2.5 

91.2 

.  S'> 

4.  W 

2.  20 

53.  * 

51.2 

2.6 

m.\ 

9.  93 

.  24 

r>.  is 

.  S2 

1 5.  H 

30  5 

-14.  7 

M.6 

4  07 

0 

2.  7^ 

1.5* 

57.  7 

»5.  3 

1.4 

59.  7 

Washington,  August  13,  1932. 
141809—32  3 
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ETERM I  NAT  I  ON  OF  ALUMINA  AND  SILICA  IN  STEEL 
BY  THE  HYDROCHLORIC  ACID  RESIDUE  METHOD 

By  J.  G.  Thompson  and  J.  S.  Ackcn 


AB8TRACT 

The  hydrochloric  acid  residue  method,  as  used  at  the  Bureau  of  Standards  for 
te  determination  of  alumina  and  silica  in  steels,  is  described.  Analyses  of  six 
eels  indicate  that  this  method  yields  results  for  both  alumina  and  silica  which 
>mpare  favorably  with  those  obtained  by  the  bromine  and  nitric  acid  residue 
lethods.  Of  the  three  methods,  the  hydrochloric  acid  method  is  preferred  on 
le  grounds  of  speed  and  simplicity  of  operation. 

Data  are  presented  to  show  that  the  presence  of  aluminum  nitride  in  a  steel 
oes  not  cause  appreciable  errors  in  the  determination  of  alumina  by  the  hydro- 
aloric  acid  residue  method. 

The  recovery  of  manganese  oxide  and  silica  from  manganese  silicates,  by  means 
f  the  hydrochloric-acid-residue  method,  is  discussed.  Data  are  presented  to 
low  that  satisfactory  recovery  of  silica  is  obtained  only  from  silicates  rich  in 
tlica  and  that  satisfactory  recovery  of  manganese  oxide  is  not  obtained  by  this 
lethod. 
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I.  INTRODUCTION 

The  use  of  dilute  hydrochloric  acid  to  effect  the  separation  of 
metallic  and  nonmetallic  constituents  of  steel  was  first  applied  to  the 
determination  of  alumina  in  steel  by  Kichline  1  who  reported  that 
not  more  than  1  or  2  per  cent  of  the  alumina  (AI2O3)  present  is  soluble 
in  dilute  hydrochloric  acid.  He  recommended  decomposition  of  the 
sample  in  diluted  acid  (2-f3)  with  subsequent  determination  of  alu- 
mina in  the  residue  by  the  phosphate  method. 

Oberhoffer  and  Ammann  2  confirmed  Kichline's  conclusions  re- 
garding the  insolubility  of  alumina  in  diluted  hydrochloric  acid  and 
presented  comparative  analyses  made  by  the  bromine  method  and 
by  the  hydrochloric-acid  method.  The  results  obtained  by  the  two 
methods  are  in  satisfactory  agreement,  although  the  values  obtained 
by  the  bromine  method  usually  are  slightly  higher  than  those  obtained 
by  the  hydrochloric-acid  method. 

1  F.  0.  Kichline,  Note  on  the  Determination  of  Aluminum  Oxide  and  Total  Aluminum  in  Steel,  J.  Ind. 
Eng.  Chem.,  vol.  7,  pp.  806-807, 1015. 

»  P.  Oberhoffer  and  E.  Ammann,  Ein  Beitrag  tur  Bestimmung  Oxydischer  Etnschlilsse  In  RoheLsen  und 
Stahl,  St&hlu.  Eisen,  vol.  47,  pp.  1636-1540,  1927. 
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At  the  Bureau  of  Standards  it  was  found  that  the  hydrochloric-acid- 
residue  method  could  be  modified  to  permit  the  determination  of 
silica  (Si02)  as  well  as  alumina.  The  principal  modification  consists 
in  the  use  of  the  3  per  cent  sodium  carbonate  washing  solution  which 
Oberhoffer  and  Ammann  employed  to  separate  silica  and  hydrated 
silicic  acid  in  the  residues  obtained  in  their  modified  bromine  method. 
The  silica  in  the  residue  originates  in  silica  and  silicate  inclusions  in 
the  steel.  The  hydrated  silicic  acid  originates  in  the  decomposition 
of  metallic  silicides,  and  must  be  separated  from  the  silica  before  an 
accurate  determination  of  the  latter  can  be  made.  The  residue  which 
remains  after  treatment  with  the  acid  and  alkali  solutions  may  be 
analyzed  by  several  methods,  but  it  is  believed  that  a  complete 
description  of  the  procedure  in  use  at  the  Bureau  of  Standards  will  be 
of  interest.    This  procedure  is  described  in  the  succeeding  section. 

II.  METHODS  OF  ANALYSIS 

1.  DETERMINATION  OF  SILICA  AND  ALUMINA 

Dissolve  50  g  of  steel  chips  in  500  ml  of  diluted  hydrochloric  acid 
(1+2)  on  the  steam  bath.  After  solution  of  the  iron  is  complete, 
filter,  with  moderate  suction,  through  a  tight  paper  containing  a 
little  ashless  paper  pulp.  Wash  the  residue 3  on  the  filter  several 
times  with  cold  water  or  with  diluted  hydrochloric  acid  (1  +  20)  and 
then  with  hot  water  until  the  filter  paper  is  free  from  iron  salts.  Wash 
the  residue  further  with  500  ml  of  hot  (80°  to  90°  C.)  3  per  cent 
sodium  carbonate  solution,  followed  by  successive  washings  with 
hot  water,  50  ml  of  diluted  hydrochloric  acid  (1  +  20)  and  finally  with 
hot  water.  The  diluted  hydrochloric  acid  removes  hydrated  iron 
salts  and  any  sodium  silicate  which  may  have  formed  in  dissolving 
the  hydrated  silicic  acid. 

Transfer  the  paper  and  residue  to  a  platinum  crucible,4  and  heat 
gently  so  as  to  char  the  paper  without  allowing  it  to  flame.  Finally 
increase  the  temperature  and  ignite,  under  good  oxidizing  conditions, 
but  do  not  let  the  temperature  rise  above  very  dull  redness  (about 
600°  C).  Fuse  with  a  small  amount  of  sodium  carbonate  (2  g  will 
usually  suffice).  Cool,  and  dissolve  in  50  ml  of  diluted  hydrochloric 
acid  (1  +  10).  If  a  residue  remains,  filter  and  wash.  Reserve  the 
filtrate  designating  it  (A).  Ignite  paper  and  residue  in  a  platinum 
crucible,  fuse  with  3  g  of  potassium  pyrosulphate,  dissolve  the  cooled 
melt  in  a  small  volume  of  dilute  hydrochloric  acid  and  add  to  the 
reserved  filtrate  (A). 

Silica. — Evaporate  the  solution  (^4)  to  dryness  and  bake  for  one 
hour  at  105°  C.  Cool,  drench  with  10  ml  of  hydrochloric  acid  and 
digest  a  few  minutes.  Add  75  ml  of  warm  water  to  dissolve  salts, 
filter,  and  wash  several  times  with  cold  diluted  hydrochloric  acid 
(1  +  10)  and  then  with  warm  water.  Reserve  the  filtrate,  designating 
it  (B).  Ignite  the  paper  and  contents  in  a  platinum  crucible,  slowly 
at  first,  and  finally  at  a  temperature  of  1,200°  C.  for  about  25 minutes. 
Cool,  weigh,  volatilize  silica  by  the  usual  hydrofluoric-sulphuric  acid 
treatment  and  reweigh.  Any  residue  remaining  in  the  crucible  is  dis- 
solved in  hydrochlonc  acid,  or  fused  with  bisulphate  and  added  to  the 
reserved  filtrate  (B). 


■  The  residue  may  contain  carbides  of  alloying  elements,  such  as  chromium  and  vanadium. 
*  With  some  steels,  such  as  those  which  contain  appreciable  amounts  of  copper,  it  is  advisable  to  ignht 
(not  over  600°  C.)  in  potcelain  and  subsequently  transfer  the  residue  to  platinum  for  the  fusion  treat mentj. 
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Alumina. — Adjust  the  volume  of  the  filtrate  (B)  to  about  100  ml, 
idd  2  ml  of  strong  sulphurous  acid,6  and  boil  vigorously  to  expel  the 
excess  sulphur  dioxide.  Add  4  ml  of  concentrated  nitric  acid  to  the 
lot  solution  and  boil  to  oxidize  ferrous  iron.  Add  sodium  hydroxide 
lolution  until  the  acid  solution  is  nearly  neutral.  Pour  the  nearly 
teutral  solution  slowly  and  with  constant  stirring  into  80  ml  of  an 
i  per  cent  solution  of  sodium  hydroxide.  Heat  to  boiling,  remove 
rom  the  source  of  heat,  and  allow  to  stand  for  at  least  two  hours  to 
>ermit  the  precipitate  to  settle.  Filter  through  a  double  filter  of  a 
itrong  tight  paper  (No.  42  Whatman),  and  wash  with  a  1  per  cent 
solution  of  sodium  hydroxide. 

Acidify  the  filtrate  with  hydrochloric  acid  and  concentrate  to  a 
volume  of  about  250  ml.  Add  5  ml  of  concentrated  hydrochloric 
icid  and  0.5  g  of  diammonium  phosphate.  The  addition  of  a  little 
u ace rated  filter  paper  will  prevent  gelatinous  aluminum  phosphate, 
rormed  subsequently,  from  coagulating  in  lumps  which  are  difficult 
:o  wash  free  from  sodium  and  ammonium  salts.  Add  two  drops  of 
nethvl  red  indicator,  make  the  solution  just  ammoniacal  and  restore 
.he  pink  color  with  several  drops  of  diluted  hydrochloric  acid  (1  +  20). 
Heat  the  solution  to  boiling,  add  20  ml  of  a  20  per  cent  solution  of 
immonium  acetate  and  bofl  for  five  minutes.  Let  stand  for  1  to  2 
lours,  filter  through  a  tight  9  cm  paper  (No.  42  Whatman)  and  wash 
with  hot  5  per  cent  solution  of  ammonium  nitrate  until  10  ml  of  the 
washings  no  longer  yield  a  test  for  chlorides  with  acidified  silver 
nitrate.  Ignite  the  residue  and  paper  in  platinum  under  good  oxidiz- 
ing conditions  until  carbon  is  gone;  cover,  and  heat  at  about  1,000°  C, 
to  constant  weight.  The  observed  weight  of  aluminum  phosphate 
multiplied  by  the  factor  0.418  is  recorded  as  the  weight  of  A1203  pres- 
ent in  the  original  residue.  Blank  determinations  are  made  on  all 
reagents  used,  and  the  proper  corrections  are  applied  to  the  results 
of  each  analysis. 

2.  DETERMINATION  OF  MANOANOUS  OXIDE 

Any  manganese  present  in  the  original  residue  will  be  found  with 
the  iron  and  chromium  precipitated  by  the  sodium  hydroxide  treat- 
ment. If  manganese  is  to  be  determined,  dissolve  this  precipitate 
Df  iron,  chromium,  and  manganese  with  50  ml  of  warm  diluted  nitric 
acid  (1+3)  containing  a  few  milliliters  of  sulphurous  acid.  Boil  the 
solution  to  expel  the  oxides  of  nitrogen,  allow  to  cool,  and  determine 
manganese  by  the  bismuthate  method.  If  the  amount  of  manganese 
is  very  small  it  is  better  to  use  the  periodate  colorimetric  method." 

III.  EXPERIMENTAL  RESULTS 

l.  BEHAVIOR  OF  ALUMINUM  NITRIDE  IN  THE  DETERMINATION  OF 

ALUMINA 

The  question  arose  whether  aluminum  nitride,  if  present  in  the 
steel,  would  be  found  in  the  acid-insoluble  residue  and  carried  through 
the  determination  and  reported  as  alumina.    To  investigate  this  possi- 

1  The  sulphurous  add,  made  by  passing  sulphur  dioxide  into  distilled  water  to  saturation,  is  added  to 
educe  any  oxidized  chromium  in  order  that  all  of  the  chromium  present  may  be  removed  subsequently 
»ith  the  fron.  The  reduction  of  chromium  by  means  of  hydrogen  peroxide  was  tried,  hut  difficulty  was 
mcountered  in  the  subsequent  removal  of  iron  from  the  solution,  perhaps  due  to  the  formation  of  small 
imounts  of  soluble  sodium  ferrate. 

•  11.  H.  Willard  and  L.  II.  Oretithouse,  The  Colorimetric  Determination  of  Manganese  by  Oxidation  with 
Periodate.  J.  Am.  Chem.  8oc.,  vol.  88,  pp.  23«*-237tt.  1917. 
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biiity,  a  quantity  of  aluminum  nitride,  containing  10.1  per  cent  nitro- 
gen, was  obtained  through  the  courtesy  of  the  Fixed  Nitrogen  Re- 
search Laboratory,  of  the  U.  S.  Department  of  Agriculture. 

Two  portions  of  approximately  50  mg  each  were  treated  in  separate 
beakers  with  50  ml  of  diluted  hydrochloric  acid  (1  -f-2).  After  stand- 
ing on  the  steam  bath  overnight,  the  solutions  were  filtered  and  the 
residues  on  the  filter  papers  were  washed  as  in  the  regular  procedure 
for  the  separation  of  acid-insoluble  residues.  The  residues  were  ig- 
nited at  a  dull  red  heat  to  destroy  carbonaceous  matter,  cooled,  and 
transferred  together  with  50  ml  of  hydrochloric  acid  (1  +  1)  to  dis- 
tilling flasks  for  the  determination  of  nitrogen  by  the  Allen  method. 
Nitrogen  is  the  only  constituent  of  aluminum  nitride  which  was 
determined,  as  it  was  assumed  that  any  attack  on  the  nitrides,  by 
either  acid  or  alkaline  solutions,  which  resulted  in  solution  of  the 
nitrogen,  would  result  in  the  simultaneous  solution  of  an  equivalent 
amount  of  aluminum.  In  other  words,  if  nitrogen  dissolves  from 
aluminum  nitride,  in  either  acid  or  alkaline  solutions,  aluminum  like- 
wise will  dissolve. 

The  data  ob tamed  from  these  two  samples  showed  that  the  insol- 
uble residues  contained  less  than  4  per  cent  of  the  nitrogen  present  in 
the  original  samples.  This  indicates  that  at  least  96  per  cent  of 
synthetic  aluminum  nitride  is  soluble  in  the  hydrochloric  acid  (1+2) 
or  in  the  wash  solutions. 

In  addition  to  the  above,  tests  were  also  made  on  nitrided  samples 
of  two  commercial  steels,  one  of  the  aluminum-molybdenum  type  and 
the  other  of  the  aluminum-molybdenum-chromium  type,  obtained 
through  the  courtesy  of  Dr.  V.  O.  Homerberg.  The  composition  of 
these  steels  prior  to  nitriding  is  recorded  in  Table  1.  Specimens  for 
residue  analysis  consisted  of  thin  nitrided  disks,  approximately  one- 
sixteenth  inch  thick  and  five-eighths  inch  in  diameter,  chosen  on  the 
assumption  that  with  such  thin  sections  practically  all  of  a  specimen 
would  be  affected  by  the  nitriding  treatment. 

Samples  of  each  nitrided  steel  were  subjected  to  the  different  opera- 
tions of  a  residue  analysis,  as  follows:  The  samples  designated  A 
in  Table  1  were  decomposed  in  hydrochloric  acid  (1  +2),  filtered,  and 
the  acid-insoluble  residues  were  washed  with  the  customary  solutions. 
Nitrogen  was  determined  separately  in  the  original  filtrates,  in  the 
wash  waters,  and  in  the  unignited  residues.  The  samples  designated 
B  in  Table  1  were  decomposed  in  hydrochloric  acid  (1+2),  filtered 
without  washing,  and  nitrogen  was  determined  in  the  filtrates  and 
residues. 

The  results  recorded  in  Table  1  show  that  the  nitrides  present  in 
these  two  nitrided  steels  were  almost  completely  decomposed  and 
dissolved  by  the  first  solution  treatment  with  hydrochloric  acid 
(1+2)  in  the  usual  procedure  of  residue  analysis.  The  amounts  of 
nitrogen  recovered  cither  from  the  wash  waters  or  from  the  insoluble 
residues  were  of  approximately  the  order  of  magnitude  of  the  blank 
correction.  However,  small  but  positive  traces  of  nitrogen  usually 
were  indicated,  as  recorded  in  Table  1.  These  data  show  that  the 
amounts  of  nitrides  which  survived  the  solution  in  acid  but  dissolved 
in  the  wash  waters  were  negligible.  The  amounts  of  nitrides  retained 
in  the  insoluble  residues  in  all  cases  were  an  insignificant  proportion 
of  the  nitrides  present  in  the  original  sample. 
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Table  1. — Behavior  of  nitrides  in  residue  analysis  of  two  nitrided  steels 


Sample  No. 

Weight  Of 

sam  Die 
* 

Nitrogen  recovered 

Filtrate 

Wash 
waters 

Residue 

2J5A    

9 

5.858 
4.613 
8.174 
5.247 

9 

0. 1000 
.0720 
.1115 
.0870 

o.'oooos 

Nil. 

9 

0.0002 
.00014 
.00007 
.0002 

257A  

25B      

257B    

COMPOSITION  OF  STEELS  BEFORE  NITHIDINO 


Steel  No. 

C 

Mn 

r 

8 

SI 

Al 

Mo 

Cr 

!25  

Per  cent 
0.10 
.35 

Per  cent 
0.  3* 
.48 

Per  cent 
0.014 
.018 

Per  cent 
0.012 
.020 

Per  cent 
0.10 
.15 

Per  cent 
1.88 
.90 

Per  cent 
0.S3 
.20 

Per  cent 

!257  

0.99 

It  is  concluded,  therefore,  that  the  small  amounts  of  aluminum 
litride  ordinarily  present  in  nonnitrided  steels  (or  in  the  interior 
portions  of  nitrided  ones)  do  not  interfere  with  the  determination  of 
alumina  by  the  hydrochloric  acid  residue  procedure.  However,  in 
the  case  of  nitrided  steels  if  we  assume  that  all  residual  nitrogen  was 
present  as  aluminum  nitride  and  calculate  to  the  equivalent  A1303  we 
rind  an  appreciable  error  would  occur  in  the  determination  of  Ala03, 
particularly  if  the  latter  were  present  in  very  small  amounts. 

2.  COMPARISON  OF  RESULTS  OBTAINED  FROM  DIFFERENT  RESIDUE 

METHODS 

The  data  in  Table  2  are  the  results  obtained  for  alumina  and  silica 
in  comparative  analyses  of  six  steels  by  the  nitric  acid,7  the  bromine, 
and  the  hydrochloric  acid  residue  methods. 

The  results  obtained  for  alumina  are  in  satisfactory  agreement  for 
all  three  methods.  It  is  believed,  however,  that  the  hydrochloric 
acid  residue  method  is  preferable,  as  it  is  more  rapid  and  more  con- 
venient to  operate  than  either  the  nitric  acid  or  the  bromine  methods. 

In  the  determination  of  silica,  the  results  from  the  modified  hydro- 
chloric acid  method  and  the  bromine  method  are  in  satisfactory  agree- 
ment, but  some  of  the  results  from  the  nitric  acid  method  are  lower 
than  results  from  either  of  the  other  two.  The  lower  results  from  the 
nitric  acid  method  probably  can  be  explained  on  the  basis  of  Ober- 
hofFer  and  Ammann's  statement  that  the  sodium  hydroxide  wash  used 
in  the  nitric  acid  method  not  only  dissolves  hydrated  silicic  acid  but 
also  attacks  dehydrated  silica. 

7 J.  H.  8.  Dickenson,  A  Note  on  the  Distribution  of  Silicates  in  Steel  Ingots,  J.  Iron  *  Steel  Inst.,  vol.  113 
(No.  1),  pp.  177-196,  1920. 
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Table  2.— Comparison  of  results  obtained  by  different  residue  methods  for  alumii 

and  silica 


Type  of  steel 

Sample 
No. 

Mold  additions  for  3 
tons  of  steel 

AljOi 

SiOj 

Hydro- 
chloric- 
acid 
method 

Brom- 
ine 

meth- 
od > 

Nitric- 
acid 

meth- 
od » 

Hydro- 
chloric- 
acid 
method 
(modi- 
tied) 

Per  cent 
0.001 
.004 
.008 

<.001 

.oos 

<.0Ol 

Bro- 
mine 
meth- 
od » 

Percent 
0.002 
.006 
.006 

.001 
.009 

1 

Nltrie- 
id 

meth- 
od i 

Killed  steel  (0.14  C, 
0.44  Mo,  0.15  Si) 

Effervescing  steel  (0.14 
C,  0.42  Mn,  0.003  Si). 

1  113 
{  119 
I  122 

|  125 
{  131 
I  134 

4  pounds  Al  

25  pounds  Fe-V  

None  

4  pounds  Al  

25  pounds  Fe-V  

None  

Per  cent 
0.026 
.003 
.002 

.014 
.002 
.001 

Per  cent 
a  023 
.002 
.002 

.016 
.002 

Per  cent 
0.022 
.003 
.001 

.017 
<.001 
<.001 

Per  cent 

<aom 
.on 

002 

.01 

<-«l 

i  Analyses  by  the  bromine  method  were  made  by  R.  J.  Kranauer,  formerly  of  the  Bureau  of  Standard. 
Analyses  by  the  nitric-acid  method  were  made  by  II.  A.  Bright. 


3.  RECOVERY  OF  SILICA  AND  MANGANOUS  OXIDE  FROM  SYNTHETIC 

MANGANESE  SILICATES 

In  analyses  of  acid-insoluble  residues  by  the  hydrochloric  acid 
method,  it  was  frequently  observed  that  the  sodium  carbonate  fusions 
were  colored  green,  indicating  the  presence  of  manganese.  It  is 
probable  that  manganous  oxide,  if  present  in  the  steel,  would  be 
soluble  in  hydrochloric  acid  (1  +  2),  but  it  is  possible  tnat  certain 
manganese  silicates,  if  present,  would  be  insoluble  and,  therefore, 
would  appear  in  the  residue.  In  order  to  investigate  this  possibility, 
synthetic  manganese  silicates  containing  different  proportions  of 
manganous  oxide  and  silica  were  prepared,  and  the  amounts  of  man- 
ganous oxide  and  silica  recovered  by  the  modified  hydrochloric  acid 
residue  method  were  determined. 

Manganous  oxide  was  prepared  in  the  laboratory  from  manganese 
carbonate  bv  two  methods.  In  one  method  the  carbonate  was  oxi- 
dized to  MnO*  by  treatment  with  nitric  acid.  The  MnOf  was 
reduced  to  MnO  by  heating  in  a  nickel  boat  in  a  stream  of  hydrogen 
at  900°  C.  for  about  four  nours.  In  the  other  method  manganese 
carbonate  was  calcined  in  air  at  about  1,200°  C.  in  a  graphite  crucible 
in  the  induction  furnace,  and  was  then  further  heated  at  1,500°  C.  in 
graphite  in  a  vacuum. 

Three  manganese  silicates,  intended  to  contain  25,  50,  and  75  per 
cent  MnO,  respectively,  were  prepared  by  mixing  precipitated  man- 
ganese carbonate  and  pulverized  quartz  in  the  proper  proportions  and 
heating  each  mixture  in  a  graphite  crucible  to  about  1 ,500°  C.  After 
cooling  in  the  furnace  the  melt  was  cleaned  on  an  emery  wheel  and 
then  crushed  and  ground.  In  the  course  of  the  investigation  it 
appeared  that  manganese  silicates  of  additional  compositions  were 
needed.  Such  silicates,  containing  approximately  30  and  60  per  cent 
MnO,  respectively,  were  supplied  by  Dr.  C.  H.  Herty,  jr.,  of  the 
Bureau  of  Mines. 

The  manganese  silicates,  manganous  oxide,  and  quartz  used  in  the 
analyses  were  ground  to  pass  through  a  No.  120  sieve.  The  two 
silicates  received  from  Doctor  Herty  passed  through  a  No.  200  sieve. 
Each  sample  for  residue  analysis  consisted  of  about  10  mg  of  one  of 
the  finely  ground  materials  mixed  with  50  g  of  drillings  of  vacuum- 
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fused  electrolytic  iron.  Fifty-gram  portions  of  drillings,  without 
additions,  frequently  were  run  as  blank  determinations. 

The  results  obtained  for  the  recovery  of  manganous  oxide  and  silica 
from  these  synthetic  manganese  silicates,  by  the  modified  hydrochloric 
acid  residue  method,  are  presented  in  Table  3  and  are  shown  graph- 


*      •      «      *  i 


0  jto        +o         eo        eo  too 

Composition,  Per*  Cent  SiOz 

Figure  1. — Recovery  of  MnO  and  SiO*  from  synthetic  manga- 
nese silicates  by  the  hydrochloric  acid  residue  method 

icaUy  in  Figure  1.  The  equilibrium  diagram  for  the  system  MnO- 
SiOa* 9  is  included  in  Figure  1  for  convenience  in  interpreting  the 
results. 


•  C.  Benedicks  and  H.  Lofquist.  N'onmetallic  Inclusions  in  Iron  and  Steel,  Chapman  d-  Hall,  London, 
p.  98,  1930. 

•  C.  H.  Herty,  Jr.,  and  O.  R.  Fltterer,  New  ManKane.^  Silicon  Alloys  for  the  DeoiMatton  of  Steel,  U.  8. 
Bureau  of  Mines  Report  of  Investigations.  R.  I.  3081, 1931. 
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Table  3. — Recovery  of  MnO  and  SiOi  from  synthetic  manganese  silicates 


Composition  of 
sample 

Weight  taken 

Weight  found 

Recovery 

MnO 

SiOi 

MnO 

SIO, 

MnO 

SiOj 

MnO 

SIOi 

Per  cent 

a 

16.4 

>3a2 

50.7 
158.2 

?a  o 

100.0 

Per  tent 
100 

82.7 
>  58.3 

47.0 
<33.7 

28,5 
0. 

a 

0.  0016 
.0017 
'  .0035 

\  .oom 

.0062 
.0063 
/  .0062 
.0000 
.0070 
1  .0073 
/  .0100 
\  .0101 

* 

f  a  0104 

\  .0100 
.0083 
.0084 
.0065 
.  0O65 
.0058 
.0040 
.0036 
.0035 
.0027 
.0028 

n 
V 

0.0009 
.0010 
.0027 
.0027 
.0048 
.0044 
.0023 
.0020 
.0000 
.0000 
.0000 
.0000 

g 

0.0093 
.0000 
.0071 
.0073 
.0064 
.0054 
.0041 
.0038 
.0020 
.0018 
.0000 
.0000 

Pet  etnt 

56 
59 
77 
77 
77 
83 
37 
33 

Nil. 

Nil. 

Nil. 

Nil. 

Per  etnt 
89 
90 
86 

87 
08 
98 
71 
78 
55 
51 

Nil. 

Nil. 

«  200-mesh  samples.  Other  samples  were  120  mesh. 

The  silicates  containing  about  50  per  cent  Si02,  approximately  the 
composition  of  the  compound  MnO.Si02,  were  the  least  soluble  in 
dilute  hydrochloric  acid  of  all  the  silicates  in  this  system.  As  the 
Si02  content  of  the  silicates  increased  above  50  per  cent  the  recovery 
of  Si02  remained  at  about  90  per  cent,  but  the  recovery  of  MnO 
decreased  from  the  maximum.  With  decreasing  Si02  content,  below 
50  per  cent,  the  solubility  of  the  silicates  increased  rapidly,  resulting 
in  decreased  recovery  of  both  MnO  and  Si02  in  the  insoluble  residues. 
The  sample  which  approximated  the  compound  2MnO.Si02  in  com- 
position, was  completely  soluble  in  dilute  hydrochloric  acid,  as  was 
pure  MnO.  In  view  of  the  limited  number  of"  determinations  and  the 
difficulties  encountered  in  these  analyses,  too  much  emphasis  should 
not  be  placed  on  the  results  of  any  one  determination.  However,  the 
general  relation  between  solubility  and  composition  is  indicated  and 
it  is  interesting  to  note  that  these  curves  for  the  solubility  in  dilute 
hydrochloric  acid  are  quite  similar  to  the  curves  which  Hertv  10  ob- 
tained for  the  solubility  of  manganese  silicates  in  dilute  nitric  acid. 

From  these  data  it  is  concluded  that  satisfactory  recoveries  of 
silica,  that  is,  about  90  per  cent,  can  be  obtained  by  means  of  the 
hydrochloric  acid  residue  method,  from  manganese  silicates  which 
contain  50  per  cent  or  more  Si02.  Recovery  of  silica  from  silicates 
which  contain  less  than  50  per  cent  Si02,  is  not  satisfactory.  The 
data  indicate  that  from  70  to  80  per  cent  of  MnO  is  recovered  from 
manganese  silicates  of  over  50  per  cent  Si02  content.  It  will  be  noted 
that  the  revovery  of  MnO  in  silicates  of  less  than  50  per  cent  Si02  is 
quite  low.  Obviously,  the  HC1  method  is  not  applicable  to  the  de- 
termination of  MnO  occurring  as  such  (MnO  inclusions)  and  yields 
only  fair  recoveries  of  MnO  in  manganese  silicates  of  high  silica 
content. 


»•  C.  H.  Herty,  jr..  O.  R.  Fltterer,  and  J.  F.  Eckel,  The  Physical  Chemistry  of  Steel  Making:  A  Study  of 
the  Dickenson  Method  for  the  Determination  of  Nonmetalllc  Inclusions  in  Steel,  U.  S.  Bureau  of  Mine?, 
Mining,  and  Metallurgical  Investigations  Bull.  No.  37, 1028. 
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IV.  SUMMARY 

1.  The  conclusions  of  previous  investigators  that  the  hydrochloric 
acid  residue  method  yields  results  for  alumina  that  are  comparable 
with  those  obtained  by  the  nitric  acid  and  bromine  methods,  and  that 
the  hydrochloric  acid  method  is  preferable  to  the  other  two  on  the 
grounds  of  speed  and  simplicity  in  operation,  have  been  confirmed. 

2.  The  presence  of  aluminum  nitride  in  a  sample  ordinarily  does 
not  cause  appreciable  errors  in  the  determination  of  alumina  by  the 
hydrochloric  acid  residue  method.  If  relatively  large  amounts  of 
nitrides  are  present;  for  example,  in  a  nitrided  steel,  accompanied  by 
only  a  small  amount  of  aluminum  oxide,  a  small  error  due  to  incomplete 
decomposition  of  aluminum  nitride  might  result  in  a  serious  error  in 
the  determination  of  a  small  amount  of  aluminum  oxide. 

3.  The  modified  hydrochloric  acid  residue  method  vields  as  satis- 
factory results  for  silica  as  do  the  nitric  acid  and  bromine  methods. 

4.  If  manganese  silicates  are  present  in  the  sample,  recoveries  of 
about  90  per  cent  of  the  silica  may  be  obtained  from  silicates  which 
contain  more  than  50  per  cent  Si02.  Recovery  of  silica  from  silicates 
which  contain  less  than  50  per  cent  Si02  is  not  satisfactory.  The 
hydrochloric  acid  method  recovers  about  70  to  80  per  cent  of  MnO 
from  manganese  silicates  having  50  per  cent  or  more  SiOj  content. 
The  method  is  not  suitable  for  MnO  in  silicates  of  less  than  50  per  cent 
SiOa. 
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AN  ANALYSIS  OF  LANTHANUM  SPECTRA 
(LA  i,  LA  ii,  LA  in) 

By  Henry  Norris  Russell 1  and  William  F.  Meggers 


ABSTRACT 


All  the  available  data  (wave-length  measurements  and  intensity  estimates, 
temperature  classes,  Zeeman  effects)  on  lanthanum  lines  have  been  correlated 
and  interpreted  in  an  analysis  of  the  successive  optical  spectra.  The  total 
number  of  lines  classified  is  540  in  the  La  i  spectrum,  728  in  the  La  n  spectrum, 
and  10  in  the  La  m  spectrum. 

Series-forming  terms  have  been  identified  in  each  spectrum  and  from  these  the 
ionization  potentials  of  5.59  volts  for  neutral  La  atoms,  11.38  volts  for  La+  atoms 
and  19.1  volts  for  La++  atoms  have  been  deduced. 

Lanthanum  is  a  chemical  analogue  of  scandium  and  yttrium,  but,  although 
the  corresponding  spectra  arc  strikingly  similar,  some  interesting  differences  are 
noted.  A  doublet-D  term  (from  a  d  electron)  represents  the  lowest  energy 
(normal  state)  in  the  third  spectrum  of  each  element  and  another  fD  (from  the 
*2d  configuration)  describes  the  normal  state  of  the  neutral  atoms  in  each  case. 
The  homologous  atoms  Sc+,  Y+,  La+  choose  different  normal  states;  (ad)  3D, 
(«')  'S,  (d7)  *F,  respectively.  In  addition,  the  first  two  spectra  of  La  exhibit  a 
large  number  of  (odd)  middle-set  terms  ascribed  to  the  binding  of  an  /  electron. 
The  La  n  spectrum  is  the  most  completely  developed  example  of  a  two-electron 
spectrum  which  has  yet  been  investigated.'  All  the  configuration  types,  «3,  sp,  sd, 
«/,  p2,  pd,  pf,  d1,  djy  p,  have  been  identified  and  almost  all  of  the  terms  arising 
from  each. 

The  analyses  of  all  three  spectra  are  supported  by  measurements  of  Zeeman 
effects,  which  are  interpreted  with  the  aid  of  Landd's.  theory.  The  splitting 
factors  (g  values)  for  many  levels  show  marked  departure  from  the  theoretical 
values,  but  the  "p-sum  rule"  is  valid  wherever  it  is  tested. 


After  the  analyses  of  the  arc  and  spark  spectra  of  scandium  2  (Sc, 
Z  =  21)  and  yttrium3  (Y,  Z  =  39)  had  been  published  the  authors 
decided  to  continue  cooperation  on  the  remaining  spectra  of  this  type. 
Lanthanum  (La,  Z  =  57)  is  a  chemical  analogue  of  scandium  and 
yttrium;  it  occupies  the  same  position  in  the  third  long  period  of 
elements  that  the  former  do  in  the  first  and  second  long  periods, 
respectively.  The  fact  that  lanthanum  occupies  a  position  in  the 
periodic  system  just  preceding  the  group  of  14  elements  commonly 
called  "rare  earths"  makes  a  complete  analysis  of  its  spectra  of  ex- 
ceptional interest.    Indeed,  this  analysis  shows  (vide  infra)  that  the 


1  Professor  of  astronomy,  Princeton  University. 

»H.  N.  Russell  and  W.  F.  Meggers,  B.  S.  Sci.  Paper  No.  M8,  vol.  22,  p.  329,  1927. 
« W.  F.  Meggers  and  H.  N.  Russell,  B.  8.  Jour.  Research,  vol.  2  (RPtt),  p.  733,  1929. 
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atom  building  process  which  accounts  for  the  rare  earth  elements  is 
actually  anticipated  in  the  electron  configurations  of  the  lanthanum 
atom.  Furthermore,  the  exact  nature  of  electron  coupling  in  complex 
atoms  like  La,  as  disclosed  by  the  analysis  of  spectral  structure,  is 
certain  to  be  important  in  the  further  development  of  theory.  In 
the  present  paper  the  authors  give  the  results  of  an  extensive  analysis 
of  lanthanum  spectra  in  practically  the  same  form  as  their  results  for 
scandium  and  yttrium;  the  summary  of  spectral  theory  given  in  the 
earlier  publications  applies  also  to  the  present  case,  and  the  notation 
is  the  same  except  for  slight  changes  which  bring  it  into  conformity 
with  the  standardized  nomenclature  4  and  practice. 

In  1914,  Popow  5  published  the  first  suggestion  of  regularities  in 
lanthanum  spectra.  From  Zeeman  effect  observations,  he  recognized 
six  La  lines  as  comprising  a  combination  of  triplet  P  and  triplet  D 
terms.  In  the  same  year  Paulson  6  published  a  list  of  constant  dif- 
ferences occurring  between  wave  numbers  corresponding  to  La  spark 
lines,  but  no  attempt  was  made  to  interpret  the  regularities.  Even 
earlier,  Rybar  7  had  made  extensive  measurements  of  the  Zeeman 
effects  in  La  spectra  and  many  complex  patterns  were  published,  but 
there  was  at  that  time  no  satisfactory  explanation  for  most  of  these. 
Another  decade  passed  before  the  theory  of  complex  Zeeman  effects 
began  to  unfold  itself  in  the  work  of  Land6,8  thus  paving  the  way  for 
an  explanation  of  the  La  observations.  An  attempt  was  made  in 
1924  by  Goudsmit 9  who  identified  additional  Paulson  terms  in  the 
La  ii  spectrum  with  the  aid  of  Rybar's  Zeeman  effects.  From  the 
latter  observations  the  Land6  g  values  and  quantum  numbers  j  and 
/  were  derived  for  20  energy  levels  accounting  for  approximately 
70  lines. 

In  the  following  year  the  theory  of  spectral  terms  as  developed  by 
Heisenberg  10  and  by  Hund  11  gave  some  important  suggestions  as  to 
the  structures  of  La  spectra  and  attempts  were  made  by  one  of  us  to 
extend  the  analysis  of  the  La  n  spectrum  and  also  to  find  regularities 
in  the  La  i  spectrum.  These  efforts  succeeded  with  the  availability 
of  new  empirical  data  consisting  of  a  description  of  La  lines  with 
respect  to  their  behavior  with  temperature  in  the  electric  furnace  by 
King  and  Carter  12  and  of  unpublished  Zeeman  effects  kindly  advanced 
by  Prof.  B.  E.  Moore.  The  temperature  classification  gave  a  reliable 
separation  of  La  i  and  La  n  lines,  and  the  new  observations  of  Zeeman 
effects,  especially  in  the  red  portion  of  the  spectrum,  gave  the  first 
clue  to  regularities  in  the  La  i  spectrum.  In  addition  to  the  20  levels 
identified  by  Goudsmit,  22  more  were  found  for  La+  atoms  and  com- 
binations of  these  42  levels  accounted  for  about  180  La  n  lines.18 
For  neutral  La  atoms  48  energy  levels  were  found  and  their  combina- 
tions accounted  for  about  130 lines.14  In  both  cases  the  normal  states 
or  lowest  energy  levels  were  identified  without  ambiguity,  but  in  each 
spectrum  manv  lines  remained  unclassified,  and  many  theoretical 
terms  were  still  undiscovered.    These  preliminary  analyses  indicated 

*  H.  N.  Russell,  A.  O.  Shenslone,  and  L.  A.  Turner,  Phys.  Rev.,  vol.  33,  p.  900,  1929. 
»  8.  Popow,  Ann.  d.  Physik.,  vol.  45,  p.  147, 1914. 

*  K.  Paulson,  Ann.  d.  Physilc.,  vol.  45,  p.  1203, 1914. 

*  8.  Rybar,  Phys.  Zelt.  vol.  12,  p.  889,  1911. 

*  A.  Land*,  Zeit.  f.  Physlk.,  vol.  15,  p.  189, 1923;  vol.  16,  p.  391, 1923;  vol.  19,  p.  112,  1923. 

*  S.  Goudsmit,  Kon.  Akad.  Wot.  Amsterdam,  vol.  33,  No.  8,  p.  774, 1924. 
»  W.  Heisenberg,  Zeit.  f.  Physik.,  vol  32,  p.  841, 1925. 

»  F.  Hund,  Zeit.  (.  Physik.,  vol.  33,  p.  345, 1925.   Liuienspek tren  und  periodisches system  der  Element*, 
Julius,  Springer,  Berlin,  1927. 
"  A.  8.  King  and  £.  Carter,  Astrophys.  J.,  vol.  65,  p.  86,  1927. 
»  W.  F.  Meggers,  J.  Opt.  Soc.  Am.,  vol.  14,  p.  191, 1927. 
«  W.  F.  Meggers,  J.  Wash.  Acad.  Sci.,  vol.  17,  p.  25, 1927. 
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that  it  would  be  impossible  to  extend  them  without  still  further  experi- 
mental data,15  so  it  was  decided  to  make  an  entirely  new  description  of 
La  spectra.  Such  a  description  was  recently  completed  by  one  of  us,1* 
and  it  serves  as  a  basis  for  the  analyses  of  La  spectra  to  be  detailed 
in  the  present  paper.  In  addition  to  new  wave-length  determinations 
for  more  than  1,500  La  lines  in  the  interval  2,100  to  11,000  A,  the  new 
data  include  intensity  estimates  of  arc  and  spark  lines,  separating 
them  into  three  classes,  La  i,  La  n,  and  La  in  spectra,  and  improved 
observations  of  Zeeman  effects  for  460  lines  ranging  from  2,700  to 
7,500  A.  These  data  have  permitted  us  to  classify  almost  all  of  the 
lines  ascribed  to  lanthanum  atoms,  to  identify  a  large  majority  of 
the  spectral  terms,  and  correlate  them  with  electron  configurations. 
In  each  case  it  has  been  possible  to  recognize  series-forming  terms,  the 
extrapolation  of  which  load  to  calculated  ionization  potentials  of  5.59 
volts  for  neutral  La  atoms,  11.38  volts  for  La+  atoms,  and  19.1  volts 
for  La++  atoms.  The  total  numbers  of  classified  lines  in  the  successive 
spectra  are  a?  follows:  540  for  La  i,  728  for  La  n,  and  10  for  La  hi. 

On  account  of  the  greater  complexity  of  La  spectra,  as  compared 
with  Sc  and  Y,  and  pronounced  departures  from  theoretical  interval 
ratios,  line  intensities  and  Zeeman  effects,  their  analysis  has  been 
attended  by  greater  difficulties  and  uncertainties,  but  patience  and 
perseverance  have  been  rewarded  by  the  final  classification  of  practi- 
cally all  lines  without  ambiguity.  The  detailed  results  will  be  pre- 
sented for  La  in,  then  for  La  n,  and  finally  for  La  i,  thus  proceeding 
from  the  relatively  simple  (alkali)  case  of  1 -valence  electron  to  the 
2-electron  spectrum  with  greatly  increased  transition  possibilities  and 
lastly  to  the  spectrum  characteristics  of  atoms  with  a  full  complement 
of  3-valence  electrons. 

II.  THE  SPECTRUM  OF  DOUBLY  IONIZED  LANTHANUM 

(La  in) 

Lanthanum  belongs  to  the  third  long  period  in  which  electron  orbits 
of  the  types  6s,  6p,  and  5d  are  successively  added  to  the  completed 
xenon  shell.  Only  one  valence  electron  remains  in  doubly  ionized 
lanthanum  and  in  the  normal  state  this  electron  is  in  a  5d  orbit 
which  produces  a  fD  term.  The  next  lowest  state  occurs  with  the 
6s  orbit,  and  higher  states  arise  from  Qp,  6d,  7s  orbits.  Some  of 
these  terms  were  already  identified  by  Gibbs  and  White  17  and  recently 
Badami  18  classified  eight  lines  of  the  La  in  spectrum. 

The  new  description  of  La  spectra  yielded  10  lines  which  are 
characterized  by  an  enormous  intensity  difference  between  arc  and 
spark  and  are,  therefore,  ascribed  to  doubly  ionized  atoms.  Analysis 
of  these  data  resulted  in  the  identification  of  spectral  terms  fisted  in 
Table  1 ;  the  observed  lines  and  estimated  relative  intensities  appear 
in  Table  2. 

The  observed  and  theoretical  (Land6)  splitting  factors  (g)  are  com- 
pared in  the  last  column  of  the  term  table.  Since  La  spectra  possess 
g  values  which  depart  more  or  less  from  Land£,  the  observed  Zeeman 
effects  in  the  table  of  classified  lines  are  compared  with  those  computed 
from  observed  rather  than  theoretical  g's.    This  procedure  shows  in 

»  W.P.  Meters,  J.  Wash.  Acad.  Sol.,  vol.  17,  p.  35,  1927. 

»  W.  F.  Meggers,  B.  S.  Jour.  Research,  vol.  9  (KP468),  p.  239, 1932. 

»  R.  C.  Qibba  and  H.  E.  White,  Proc.  Nat.  Acad.  Sci.,  vol.  12,  p.  557, 1928;  Phys.  Rev.,  vol.  33,  p.  157 
1929. 

«  J.  S.  Badami,  Proc.  Roy.  8oc.  London,  vol.  43,  p.  53,  1931. 
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the  first  table,  the  deviations  of  observed  from  theoretical  g  values, 
and  in  the  second  table  how  closely  the  observed  data  are  represented 
by  the  empirical  g  values.  The  observed  or  computed  Zeeman  pat- 
terns may  be  compared  with  the  theoretical  by  reference  to  "Tables 
of  Theoretical  Zeeman  Effects"  published  by  Kiess  and  Meggers.1' 
These  remarks  apply  to  the  La  n  and  La  I  spectra  (vide  intra)  as 
well  as  to  La  in. 


Table  1. — Term$  in  the  La  III  spectrum 


Electron 
configura- 
tion 

9 

Terms 

Levels 

Separa- 
tions 

Ob- 
serv- 
ed 

Land* 

bd 
to 
6P 

M 
7$ 

6>PIh 

0.00 
1,603.23 
13. 6  HO.  76 
42,014.92 
45. 1 10.  fi4 
82, 378. 75 
82,812.51 
82,345.0 

1,003.23 

3,095.72 
433. 76 

2. 10 
.63 
1.37 

2.000 
.667 
1.333 

It  will  be  shown  later  that  the  terms  arising  from  the  4/  electron 
are  higher  than  those  from  6p  in  La  I,  but  Tower  in  La  u.  This 
suggested  that  the  La  in  combinations  5d  (2D) — 4/  (*F)  might  lie  in 
the  infra-red.  The  La  spark  spectrum  in  the  interval  8,000  to 
10,500  A  was  recently  explored  with  xenocyanine  plates,  but  no 
La  in  lines  were  found  although  La  n  lines  were  recoraed  all  the  way 
to  9,893.8  A. 


Table  2. — Classified  lines  in  the  La  III  spectrum 


X(alr) 
I.  A. 

Inten- 
sity 

*(vac) 
era* 

Term  combina- 
tions 

Observed 

Computed 

3, 517. 14 
3, 171.68 
2,684.90 
2,082.46 
2,661.60 

2, 478. 8  » 
2,476.72 
2, 379.  38 
2,297.75 
2,216.08 

200 
300 
50 
30 
300 

20 
100 
200 
200 

50 

28,424.09 
31,519.94 
37,234.29 
37, 268. 16 
37, 701.87 

40,329.9 
40, 363. 79 
42, 014. 92 
43. 507.40 
45, 110. 63 

6*8  k— 6*P$h 
6>Sh-#P1h 
6»Ptw-7»8M 
6»PTw-6»'D,h 
6>P|jf-6»DiH 

6»PJtf-7»SM 

0«PoH-«Jl>iK 
5»Dik-6»PJM 
5»I)im— 6»P!m 
SJDim-^PIm 

(0.73)1.36 
(0.37)0.»»,1.76 

(0.74)1.36 
(0.36)1.00,1.74 

•  Near  carbon  line,  2,478.6  A. 


III.  THE  SPECTRUM  OF  SINGLY  IONIZED  LANTHANUM 

(La  II) 

The  spark  spectrum  of  lanthanum  is  exceptionally  complex;  more 
than  800  lines  appearing  in  spark  spectrograms  are  associated  with 
La+  atoms.  Superficially,  the  lanthanum  spark  spectrum  resembles 
the  yttrium  spark  spectrum;  in  each  case  the  lines  are  divided  roughly 
into  two  classes  by  comparison  of  arc  and  spark  spectrograms.  One 

»  C.  C.  Kiess  and  W.  F.  Meggers,  B.  8.  Jour.  Research,  vol.  1  (RP23),  p.  64,  1928. 
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group,  including  most  of  the  stronger  lines,  has  nearly  the  same 
appearance  in  a  6-ampere,  220-volt  arc  and  in  a  high  voltage  con- 
densed discharge,  while  the  second,  lying  mainly  in  the  ultra-violet, 
is  greatly  enhanced  upon  passing  from  the  arc  to  the  spark  and  con- 
sists largely  of  hazy  and  unsymmetrical  lines.  The  former  arise  from 
combinations  of  low  energy  states  with  the  next  higher  or  middle  set, 
while  the  latter  are  practically  all  identified  as  combinations  of 
middle  terms  with  a  still  higher  third  set. 

The  lowest  energy  states  which  can  arise  from  8  and  d  type  electrons 
are  identified  with  (even)  spectral  terms  as  follows: 


Electron  configuration  Spectral 

sd  »D  »D 

(P  ^D/G  »P»F 

All  of  these  have  been  identified  except  (cP)lS.  Which  particular 
term  will  be  the  lowest  energy  and  represent  the  normal  state  of  the 
atom  depends  on  the  relative  strength  of  binding  of  the  individual 
electrons.  It  is  very  remarkable  that  the  homologous  atoms,  Sc+, 
Y+,  and  La+,  each  make  a  different  choice;  the  normal  state  of  Sc+ 
is  (*/)3D,  of  Y+  (*y&,  and  of  La+  (<f*)3F. 

Substitution  of  a  ©  electron  for  an  «  or  a  d  electron  produces  the 
following  set  of  (odd)  middle  terms: 

Electron  configuration  Spectral  terms 

sp  »P  *P 

dp  »P,'D,»F  »P,*D,»F 

All  of  the  easily  excited  lines  of  Sc+  and  Y+  are  accounted  for  by  the 
above-mentioned  low  and  middle  spectral  terms,  but  in  the  case  of 
La+  a  large  number  of  otherwise  superfluous  lines  indicate  additional 
middle-set  terms  to  account  for  which  it  is  necessary  to  conclude  that 
/-type  electrons  are  present.  Thus,  the  substitution  of/-  for  p-type 
electrons  would  yield  the  following  additional  (odd)  middle-set 
terms: 

Spectral  terms 

ip  »F 
if  iP.^'F.'G,1!!  »P,>D,«F,»G,«H 

All  of  these  terms  have  been  found  in  the  La  n  spectrum,  they  in- 
crease the  number  of  middle-set  levels  from  16  to  40  and  thus  account 
for  the  greater  complexity  of  the  spectrum. 

The  terms  produced  by  the  4/  electrons  lie  lower  than  those  arising 
from  the  6^.  This  is  obviously  related  to  the  fact  that  4/  electrons 
are  bound  mto  the  normal  state  of  the  directly  following  elements, 
Ce  to  Lu,  while  the  6p  electrons  begin  to  be  similarly  bound  only  in 
Tl.  In  Ba  i  the  /  electron  is  much  more  loosely  bound  than  the  p. 
There  are  numerous  high  even  terms  in  La  ir.  Those  arising  from 
the  configurations  5d  7s,  5d  6</,  6s  6d,  and  6p*  are  homologous  with 
similar  terms  in  Sc  u  and  Y  n.  Two  important  additional  groups 
evidently  arise  from  bp  4/  and  4/2.  The  former  are  the  lowest  of 
all  the  high  even  terms.  Some  hazy  lines  confined  to  the  spark 
appear  to  oe  combinations  between  these  and  still  higher  odd  levels 
which  have  been  denoted  by  numbers  1°  to  8°.  There  are  several 
configurations  (for  example,  5d  7p,  5d  of,  6/?  6</,  4/  6<2)  which  may 

?'ve  rise  to  levels  of  this  sort,  and  they  must  be  very  numerous, 
hey  should  combine  with  the  ground  terms  to  give  lines  in  the 

141809—32  4 
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Schumann  region.  Observations  in  this  region  may  detect  many 
more  such  levels  and  thus  lead  to  the  interpretation  of  the  remaining 
unclassified  lines  in  the  visible  and  near  ultra-violet. 

This  is  the  most  completely  developed  example  of  a  2-electron 
spectrum  which  has  yet  been  investigated.  All  the  configuration 
tvpes,  «2,  sp,  8df  «/,  p2,  pd,  pj,  d?,  dj,j2,  have  been  identified  and  almost 
all  of  the  terms  arising  from  each.  The  theoretical  relations  of  the 
terms  arising  from  each  configuration  have  been  discussed  by  Condon 
and  Shortley.20  The  agreement  of  the  observed  and  computed  levels 
is,  in  general,  good,  and  their  theoretical  predictions  led  to  the  correct 
identification  of  the  difficult  terms  (df)xU.  and 

The  terms  which  have  been  identified  in  the  La  n  spectrum  are 
listed  in  Table  3,  in  which  term  symbols,  relative  values  of  the  levels, 
level  separations,  adopted  and  Lande"  g  values,  and  combining  terms 
are  given  in  successive  columns.  The  adopted  g  values  are  derived 
from  the  observed  Zeeman  effects  for  La  n  lines  starting  with  the 
completely  resolved  patterns  and  then  applying  the  formulas  of 
Shenstone  and  Blair 21  to  the  unresolved  blends.  For  patterns  which 
though  unresolved  had  perpendicular  (n)  components  distinctly 
shaded  outwards  (A1)  or  inwards  (A2)  the  attempt  was  made  to 
measure  the  points  of  maximum  intensity  corresponding  to  the 
strongest  components.  If  x  is  the  observed  separation  we  should 
then  nave 

*  =  «/l0l-*/202      (t/l=t/2+l)  (1) 

When  no  such  asymmetry  was  noticed  it  was  assumed  that  the 
settings  were  on  the  centroid  of  the  whole  pattern  and  the  formula 
then  used  was 

2x=(Jl+l)gl-J2g3  (2) 
When  Ji  =  J2  the  equations  are 

2i=pi  +  jj  (n  components)  (3) 

4/3y=  (J+ 1/2)  (1  -X)  (gi-g2)    (p  components)  (4) 

where  X=  qj\  \y  0T  ±J  (J+  \)  according  as  J  is  integral  or  half 
integral.22 

The  weights  assigned  to  the  adopted  g's  in  Table  3  depend  on 
the  number  and  consistency  of  the  derived  values.  The  probable 
error  corresponding  to  unit  weight  is  ±  0.020. 

Most  of  the  0's  have  nearly  the  theoretical  (Land6)  values  but 
marked  discrepancies  frequently  appear  which  may  be  attributed 
to  deviations  of  the  actual  coupling  of  the  vectors  from  the  ideal 
SL  coupling  for  narrow  multiple  ts.  Some  of  the  largest  discordances 
are  clearly  due  to  "g  sharing"  among  neighboring  levels  with  the 
samo  J;  for  example,  ezG4,  e*F4;  y*Du  jr-Pi,  In  these  cases  the 

intensities  of  many  combinations  are  also  abnormal. 


»  E.  U.  Condon  and  C.  H.  Shortley,  Phys.  Rev.,  vol.  37,  p.  1025,  1931. 
»•  A.  O.  Shonstono  und  H.  A.  Blair,  Phil.  Mag.,  vol.  8,  p.  766,  1929. 
"  H.  N.  Russell,  Phys.  Rev.,  vol.  36,  p.  1590,  1930. 
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Torrti 


o»Fj 
o>Ki 

a»F» 

e'Dj 

e'Dj 
e'Di 
a'D» 
a'Po 
a'l", 
e*Pi 
a' St 
e'O* 

ft'Di 

x»P| 
x'F! 

x'f; 

x'Fi 

z'OJ 

P'FJ 
*'F1 
fFJ 

i»h; 
x'IH 

i«m 
2'd; 


fOJ 
x»Oi 
f»Dt 
I'D! 
r»D| 
r'PS 
x'Pf 
z»P| 

r>Di 
r'Fi 

tr'DJ 
^D! 
x'FJ 
x'Fi 
J'FJ 
f«PI 

I'm 

ir'PJ 
y'PT 
y'P} 

X»P| 
x'P! 
z'PI 
x'Fl 

#»Oi 
e>G4 
f'Oj 
f'F, 
e'F» 
f*F, 
«'Ft 


0.00 
1,010. 10 
1, 97a  70 

1, 39V  46 

1.896.16 
2,591.60 
3.  2.50  35 
5, 240.  70 
6,  "18  12 
6.  2J7.  42 
7.304.67 
7. 


14.  147.  98 

14.379.17 
15,608.74 
15.773.77 

16,  599.  17 

17, 211.03 
18. 235  56 
19.214.64 
17.825  62 
18.580.  41 
lft.  749.  62 
18.895  41 


20.  402  82 
21. 831. 60 
22.  282.  90 
21. 441. 73 
22. 106.02 
22.  537. 30 

22.  683.  70 
22, 70S.  15 

23.  246  93 

24.  462.  66 


25,  973.  37 

27,  388.  11 
28.315.25 
26,414.01 

26,  837.  66 

28,  665.  40 
27,423.01 

28. 525i  71 

27,  545.  85 
28, 154. 55 

29,  498  05 

30,  353. 33 

31,  785.  82 

32,  160.  99 
33.20141 


35,  452.  66 
37, 172  79 
39.018.74 

35,  787.  53 

36,  954.  65 

37,  790.  57 
37,  209.  71 


Level  sep- 
arations 


1,010.10 
954.60 


696.  45 
658  75 


50-/30 


227  1ft 
323  57 


978.98 

754.79 
1, 109.  21 


928.78 
951.  30 


431.28 

21.45 
541.78 


1.414.74 
927.14 

423.65 
1, 727.  74 


608.  70 
1.343.50 


375.17 
1.043.42 


1,72013 
1,845.95 

1, 167. 12 
835.92 


Adopted 

weight 

0.  730 

7*4 

1  092 

9 

1.258 

8 

.*>7 

10H 

.520 

13 

1. 140 

8 

1.337 

11 

0/0 

6 

1.506 

9 

1.488 

114 

0/0 

4 

1.003 

2 

1.015 

70 

.076 

7 

1.087 

10 

I.  258 

9 

1.047 

10 

I.ande 


O  tv)7 
1.083 
1.250 

I  1.000 

.500 
1.167 
1.333 

OA) 
1.500 
1.500 

0/0 
1.000 

1.000 

.667 
1.083 
1.250 
1.000 


Combinations 


.757 
1.090 
1.243 

.  865 
1.082 
L  17 

.931 


.775 
1.060 
1  203 

.  547 
1. 188 
1.317 
0/0 
1.458 
1.  462 

.897 


8 
8 
<i 
2 
4 
1 

3.4 


4 

6 

5 

8 
12 
10 

7 

7 

7H 


1.032  8 


.799 
1. 191 
1.312 

.836 
1.081 
1.246 

.882 

1.00 
00 
I  262 
1.495 
1.060 

0/0 
1.515 
1.478 
1.008 

.873 
1. 146 
1.203 

.732 
1  0*1 
1. 141 


8 

10 
7 

V* 

4 

9 

1 

5 
5 
6 


4 

7 

5 
7 

3 
5 

7Hj 
7 


1.060  6 


1.000 

.807 
1.083 
1.250 

.800 
1.033 
1. 187 
1  000 


.750 
l.OV) 
1.  200 

.500 
1. 167 
1.333 
0/0 
1.500 
1.500 
1.000 

LOOG 

.500 
1  167 
1.  333 

.667 
1.083 
1.250 
1.000 

1.000 
0/0 
1.  500 
1.500 
1.000 

0/0 
1.500 
1.500 


fx'F°.  x'F0,  x'O0.  f'F*.  *m°,  x'D°,  x^O0,  x»D°, 
{  x»P°,  *'D°,  y'F°,  y»D°,  x'F°,  x'P°,  »>P°, 
(  i*P,.xiF0.i»P°. 

[x»F°  x'F0,  y'F°.  *iD°,  x'O",  x'D°,  UP0,  y'D°, 
|  y'F°,  »'D4,  x»F°,  x«P°,  ^P*.  y'P°,  x'P°, 
I  x'F0,x'P°. 

|fF°,  xiQ°,  »>F°.  x'H°,  x'D°,  x'O0,  x»D°,  x»P°. 

r'D°.  yf.  ..d0,  x'F°,  *«p°,  yp°,  yp°, 

(  x*Po,x'Fo,x'P0. 

(y»F«,  x'D°.  *>D°,  x'P0,  y'D°.  f/'F°.  r»D0,x*F°, 
ripo.yapo ,  fip« ,xjp* .x'F'.x'P0. 

z*D°,  *»P°.  y'D°, 
riO°.  y>F°,  x>H° 
x»F°.  x'H°,x'F°. 


x'G°,  x»D°,  y»F°,  y'D°, 


.750 

i.oso 

1.200 
.667 
1.  083 
1.250 
1.000 

1.000 


:'D»  x'P°  y'D0.  y«D°,x>F°,  x«P°,  y»P°,  y'P°, 
x'P°,  x'F^,  x«P°. 

le'F,  a'D,  a'D,  e'G.  e'F,  «>F,  e'D,  e'G.  pD, 
f  pF.pO.pF,  g*D,  e*ll,  g*F,  A'D. 

e'F.  e'D.  «*Q.  e'F,  e'F,  e'D,  e'O,  e'D,  pD. 

OQ.pF,  e»D.  pO,  e*H,/'F,  A'D,  e'D.  I'D. 
e'F.  a'D.  ««0,  e»G.  e'F,  «»F,  ««G,/>F./»0,/«a, 

f>H.  ^»F,  ff'O. 
aiF,  a'D,  a»D,  aJP,  «»Q,  *JQ,  e'F.  «»Df  «>0, 
►  CD,  /«F,  PO,  g*V,  PQ,  9>F,  tf'O,  A'D, 

PP.  I'D. 

a»F^«»D^o'Q,  «»0,  «*F,  «'Ff  «>Of/»F,/»a,  *»H 

o»F,  o'D.  a»D,  ««P,  <»0.  f»F,  ««F,  e»D,  ««D,/»D, 
PF,/»Q,/»F,  fl*D,  <>P,  e»S,  ff»F,  *'D,ff»P,  h>D, 
/»P,  I'D. 

a»F,a«D,  o»D.  o«Q,  e»G,  «»F,  e'F,  e»D,  ^D.pG, 
f*F,  ir«D,PG,  e»H,ff*F,  a'G. 

o»F.  o'D.a  »D.  a»P,  o«8.  a'O,  6>D.  e»0.  e»F,  ««F, 
f»D,  e'O,  e>D,/*D,/iD,/»0,  ^F,  **D,  e'P,  e»8, 
e*P,  o'D,  fO,  e»H,  ff«F,  *ID,  tf»P,/»P,  PD. 
»lo»F.  a'D.  a»D.  a»P.  a'8,  5>D.  f»D,  e«D,/»D,/>F, 
j  jf»D,«iP,««.<»P.ff»D.ff»F,A>D,ff»P,i»D,/»P. 

a»F.  a<D,  a»D,  a«P.  6>D,  e»G,  «»D,pD,/>D,pF, 

PO.  /»F.  yiD,  e'P,  €«P,  *'D./»P,  l»D. 
a»F.  a'D.  a»D.  a'P.  a»0.  <»0.  e'F,  e»D,  e'G,  e'D, 

pF,  a»D,  ff'G,  *«D,  a»P,  PP.  PD. 
a»F.  a'D.  a»D,  «»P,  al8.  a'O,  5«D,  e»F.  e»D,  e«  D, 

pD.pO.pF,  *»D.  «'P.  e«S,  e»P,  a»D,pG,  e*B, 

A'D.ff»P,  A»D,/»P.I»D. 
a»F,aiD, a»D,  ««P,  a'Q,  6'D, e»G,  e»F,  e'F,  e»D, 

e'D.pb.pP,  PF.pd.pF,  fl^D,  e'P,  e»3,  a'D, 

PG,  em,  *>D,  f»P,  PD,  I'D. 
a'F.  a'D,  a'D,  a»P,  a«8,  6»D,  e'D,  pD,  PD,  e«P, 

e'8,  e'P,  e'S.  a»P,  g»8,  A'D.pP,  I'D.pS. 
a'O,  e'G,  *»H,  a>0,  e'l. 

1b«F,  o»D.  «»D,  a»P,  6»D,  e'D,  pD,  PD,  g*~D,  t*S, 
[  ««P,  gib,  a'P,  a'8,  A'D,  pP,  PD,  p8. 

a'D,  o»D,  e'P,  6>D,  e'D.PD,  pF,  e«P,  e»P,  «>8, 
a«S,A»D,  I'D.pS,  »D? 

lo«F,  a'D,  a'D,  e'P,  o«S,  fD.pO,  a'D,  e'P,  e»8, 
f  e>8,  a*P,  A'D.pP. 

a'F,  e'D.  e'D,  a'P,  a'O,  5'D.  PD.PD,  PF.pG, 
pO,  g*F,  e'G,  A'b,  I'D,  »D7 

x»F°,  x«F°,  x'G°,  r»F°,  f'H°,  I'D9,  i»G°,  x»D°. 
r'D*.  f'F°,x«F0. 

x»F°  x'F*  x'G*.  »»F«,  x*H°,  x'D°,  HO0,  I'D4, 
r»D°,  r»F0. 

x»F°,  x'F°,  x'0°,  x»H°,  x'D°,  x»0°,  I'D8,  |r'F°, 
i'F^x'F*.  x»G°,  r'F0,  x»H°.  x»G°,  i»D°,  f/'F0  , 
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Table  3. — Relative  terms  in  the  La  n  spectrum — Continued 


[Vol.  9 


Iron 
config- 
uration 


Term 


Level 


<»Di 
t'Dj 

«'Di 

X»P1 

/D, 
/>D, 
PT)t 
/'D, 

/'Ft 

pOt 

r>o, 

/»F« 
f'D, 
^Di 

e«Pi 

«>P» 

e'Pi 
f'Pi 

/«a« 

fi  S« 

<*Hr 

g>Vt 

V'Vi 

ff'F« 

0>Om 

*>Ds 

/>P.J 

ppi 

i»D» 

e'I« 
«*P» 

a»Pi 

17' Pi 
A»Di 
*»D, 
/I'D, 
»Dj? 

f'S» 
i»Di 

1>! 

25 

55,1 


Level  sep- 


38,  534. 11 
38, 221. 40 
39,402.55 

40,457.71 

45, 682. 17 
49, 733. 13 
49,  884.  35 
51, 228.  57 
51,523  86 

52. 137. 67 

52,857.88 
53,333.37 
54,434.65 
53, 885.  24 
54,  840  04 
55,321.35 

52, 169. 66 
52,734.81 
53,689.50 

54,365.80 

53,302.56 

54,904. 19? 
55,230.33 
.V'.,  Oiti.  '10 
56, 035. 70 

55, 184. 05 
54,793 .82 
55, 107.25 
55,982.09 
56,837.94 
57, 399. 58 
57,918.50 
58,  259.41 
59,527.60 
59,900.08 

60, 094. 84 
61, 128.83 
62,506.36 
62.  026.  27 


'»2, 
»>3. 
W. 
64. 

''.4. 
64. 
64, 
64. 
66, 
69, 
69. 
57, 
58, 
59. 
60. 
61, 
61. 
63. 
64, 


408.  40 
46.1  95 

703. 18 
278.92 
361.28 
529.90 
692.59 
706.  76 
591.01 
505.06 
233.90 
364. 12 
748.90 
612.64 
744.  17 
017.66 
514. 46 
598.  87 
411. 17 


-312. 62 
1,181.06 


151.22 
1.344.22 


475.49 
1,101.28 

954.80 
481.31 


565.  15 
954.  75 


Adopted 
weight 


Land6 


0.  495 
1. 100 
1.306 
1.046 

.97 
.520 
1. 141 
1.331 
1.02 

1.00 

.89 
1.05 
1.20 

.77 
1. 14 
1.16 

.67 

1.  17 
1. 21 


266.14 

806.27 


1.57 
1.22 
1.03 

I 

i  1.08 


874.  84 
865.85 

518.92 
340. 91 


1,033.99 
1,377.53 


239.23  1 
675.  74 

168.62 
162.  69 


.94 
1.04 
1. 18 

1.11 
1.22 
1.07 
1.00 

0/0 

1.47 
1.45 


6 
7 

9 
5 

1 

3 

3H 
3 


1 
1 
1 

■2 
2 
2 

3 
1 
3 


Combinations 


1.42  1 


1 

2 
1 

1 
1 
1 
1 


0  500 
1. 167 
1.333 
1.000 

1.000 
.500 
1. 167 
1.333 
1.000 

1.000 

.750 
1.050 
1.200 

.087 
1.  083 
1.250 

.500 
1. 167 
1.333 

2.000 


1.  500 
1.500 
1.000 

1.000 

.800 
1.033 
1.167 

1.083 
1.250 
1.000 
1.000 


IX 


1.01  1 


o/o 

1.500 
1.500 


1.000 


z»F°,  r»F°,  #F°,tiT>\  *K}°,  i»De,  *>P°,  i"D°. 
\   1*F°,  r»D°,  z'F0,  f»P°. 

i«F»  jr»F°,  z»D°,  r»Q°,  z»D°,  z*P°,  f«F°,  r»D0. 

x»F°jr»P°. 
«»F,  o»b,  o«D,  a«P,  o»8,  6>D,  l»D. 

S1F»  «iD°,  z»D°,  z»P°,  fi D°,  »'D°,  x'F°.  t«P°, 
»fP°,  i'F°. 

z'F^»F°,  z»D»  f'D°,  x>F°,  z'P°,  r'P°,  »«P*, 

z»F°,  z'»a°,  f«F°,  z«D°,  x»P«,  r'D°,  f«F°,  x»F« 

x«F°. 

*>F°,  z»f°,  z»a°,  r>F°,  «*a°,  *y%  x»f°. 
2iFo  ,,Fot  x>Hof  z,D.f  ,,0of       flDot  ylD« 

x»F°. 

*iF°.  »>F°,  z>D°.  r»D°,  z»P°,  y«D°.  r«F°,  »'D°. 
x*F*  F«P°,  x»P°. 

fiDJ  *D°,  *>P°,  »»D°,  x»F°,  2'P<\  r«P°.  f>P°, 

riD«  i'D°,  z»P«,  f'D°,  r»D",  x>F°.  f'P°.  »«P°. 
x»P°. 

|z»D°,  z»P°,  f'D°,  »'D°,  z>P°,  f'P0,  f'P8. 

2«f°,  ««a°,  f'f°,  r»n°,  z»o°,  z»d°,  f»d°,  x*f0, 

x'F°. 

z»(}°,  z>D°,  x»P°,  f>D°,  JJF°,  f«P°. 

r»F°,  f»F°.  no0,  z»n°,  »»a°.  i»d°,  f«d°.x»f'. 

vz»F,  z»F°,  z»Q°,  f'F°,  r'n",  *»D°.  1*0°,  z*D°, 
f  z»P°,x»F°. 

z«a°,  »>F°,  z»H0,  z»0°,  f'F°.  ««H°,x>F°. 

rF,°f>o1F°F!,F°FJlD°*  ,,D°'  r,p°'  ,',DO,  f,F8> 

F«F°,  *»D°.  z»D°.  r»P°,  »>D°,»>F°,  f»D°,  z«P°. 
F»P°,J>P°. 

ziF°.  jr»F°.  z<D°,  z»D°,  r>P°,  »>D°,  rlF°,x'F°, 
r,p^  ^.po  flpo  jlF.  x,po 

z»n»,  »'H°. 

:'D»,  z«D«,  z»P°,  »«F°,  r,D°,x»F°,  z«P°.  f»P°. 
x»P°. 

D°,  z>Pe,  rJD°,  iiP°,  i^P0,  f  »P°f  x»P°. 
FiP8,x"F°. 

,ipo>rjpo  ^ipo 

ziP0,  fiP0,  f«P°. 
F>D°,X'F°. 
e»0,e»F.<*D. 
e'Q,  f»F,«iF. 
c'O.  e»F,e»D. 
e>0,  e»D. 
«»F. 

e'F.c>0. 

^O,  «>o. 
e»Q.  e«F.  fU. 
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A  diagram  of  the  La  n  terms  and  combinations  is  reproduced  in 
Figure  1 .  In  order  to  avoid  making  the  figure  too  confusing  some  of 
the  combinations  have  been  omitted.  The  abundance  and  strength 
of  intersystem  connections  is  very  striking  in  lanthanum  spectra. 
Comparison  with  the  corresponding  diagrams  for  Sc  n23  and  Y  II" 
show  at  a  glance  the  remarkable  increase  in  complexity  of  the  La  n 
spectrum  due  to  terms  involving  the /-electron. 

Complete  data  for  all  of  the  observed  lines  characteristic  of  ionized 
lanthanum  are  presented  in  Table  4,  successive  columns  of  which  con- 
tain wave  lengths,  spark  intensities,  furnace  classes,  vacuum  wave 
numbers,  term  combinations,  and  Zeeman  effects,  both  observed  and 
computed.  The  latter  are  derived  from  the  adopted  g  values  with  the 
formulas  given  above.  When  the  observed  pattern  is  resolved,  the 
computed  components  are  given  separately;  when  unresolved,  the 
centroid  of  the  blend  given  by  equations  (2)  or  (4),  except  for  the 
patterns  described  as  A1  or  A2,  where  the  strongest  component 
according  to  equation  (1)  is  tabulated.  In  the  latter  case  the  meas- 
ured position  often  deviates  a  little  toward  the  centroid  of  the  group. 
Apart  from  this  the  agreement  of  the  observed  and  computed  values  is 
usually  satisfactory.  One  faint  line,  4,193.34  A  is  entirely  discordant, 
and  clearly  does  not  arise  from  the  assigned  combination. 


Table  4. — The  first  spark  spectrum  of  lanthanum  (La  //) 


Xmir  I.  A. 

Inten- 
sity 
spark 

Temper- 
ature 

'.-cm-' 

Term  combi- 

Zeeman e fleets 

nations 

Observed 

Computed 

10,054.6 
10,  186.5 
10.093.54 
9.  893  82 
9,672. 94 

3 
2 
1 
4 

3 

9,126.09 
0.  814.  2 
9,  904.  621 
10,  104.55- 
335.29] 

a>04-z'Gl 
y»D!^e>Fi 

f'Pt-*»D, 

9,657.00 
9,  5f>3  60 
9. 34*).  69 
9,  2fi0.  42 
9,146.75 

20 
4 

15 

3 
2 

352.35 
453  45 
606 .04 
705.60 
929.85 

fl'Ot— z»Hl 

x»f;-*jq» 

z<HI-e>G« 
*»«-*•  Fi 
z«F}-*>0, 

9, 127.5 
9, 101. 10 
9.096.  71 
9,016.80 

8,810.57 

1 

2 
3 
2 
3 

952.9 
084.67 
10,  989. 07 
11.087. 37 
346.80 

x«F|— e»F« 
a'P»— f*F} 
IfiDJ— <*G» 

/»Dj— z»Df 

8,781.08 
8.  650.  82 
8,514.65 
8,  484. 01 
8,323.35 

2 
2 
3 
2 
1 

383.83 
556.43 
741.24 
11,783.65 
12,011. 10 

j'FI^Di 
a«D|— z'Fi 
a'Oi— »>FJ 
e»D,-z*Fi 
o'Dr-z»D| 

8,159.05 

8.059.5 
7.927.83 
7,  801.69 
79.93 

10? 
Spark. 
3h 
2 
2 
4 

252.96 

404.3 
610  33 
668.08 
686. 98 

o»D|-«»Fi 

a'F«-r»FJ 
6'Dr-z»Pf 
a«Pr-z«D| 
ir'FJ-t'F, 

7,838.83 
7, 740. 54 
7,012.  94 
7.  4S9.  15 
7,483.48 

1 

2b 

3 

1 

30 

IV  E 

753.50 
12,915. 45 
13. 131.92 
348  08 
350. 10 

aiD»— z»Fi 
r»DWOi 
a'F»—  zJFJ 
b»Di— z'Gi 
a»Fa-:>F! 

(0.00)  1.12 

(0.00)  1.00 

7, 34a  08 
7.  297.  90 
82.36 
66.13 
7.213.95 

2 
2 
150 

2 

III  E 

620  08 
608.  63 
728.08 
75S.  70 
13,858.22 

x»Fl-<lDi 
f'Fi-^U, 
a>F«— z«F! 

uig,-z»g; 

(0.00  w)  1.20 

(0.00)  1.26 

"  See  footnote  2,  p.  025.  «  See  footnote  3,  p.  G25, 
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Table  A —The  first  spark  spectrum  of  lanthanum  (La  //)— Continued 


X.t,  I.  A. 

Inten- 
sity 
spark 

Temper- 
ature 

Tenn  combi- 

Zeeman effects 

nations 

Observed 

Computed 

7. 118. 0 
16  H 
7,1017 
7.  079. 74 
7,066.24 

2  . 
3 

3b 
4 
300 

III  E 

14, 043. 8 
047.4 

071.3 

120.92 

147.90 

r»Ff-z'D» 
o«8«—  t'Dt 
f'Df- *»D, 
r»0i-<>O| 
a»F,-*»F| 

(0.00)  0.70 

(O00)  0.70 

6,968.78 
68. 11 
54  51 
52.  52 

6,902.08 

26 
100 
20 
10 
3 

V  E 
IV  E 
IV 
IV 
III 

346.76 
367.  76 
375. 14 
379.31 
4*4.40 

*»D?-«*F| 
6HJi-y'i>! 
fl»Fi-2»F| 
a'Di-r'Fl 
rvi  -«>Di 

(0 00)  0.81 
(0.21)  0.96 

(0.00)  1.10 

(0.00)  0.82 
(0.21)  0.96 

(0.00)  1.11 

6. 859  03 
37.91 
34  07 
30  Ki 
13.68 

,5 

15 
20 
6 
60 

V 

IV  ?  E 
IV?  E 
V  E 
V?E 

575. 31 
620  32 
628.54 
635  48 
672.  32 

a>I>»-f»Fl 
a'Fi-r'Oi 
z»D!  -*»0, 
r«I)I  -*«Fi 

(1.05)  ? 
(0.00)  0.98 
(1.04)  1.29  B 

(0.87)  1.13 
(0.00)  0.89 
(0.94)  1.14 

08,88 
fi.  m.  38 
6,774.28 
50  47 
32  80 

30 
5 
100 
1 

40 

IV 

III  E 

V  E 

682.66 
698.85 
757.65 
809.70 
848.57 

«»Fj  -i'Fl 
|f'FI-*'0« 
a'Fi  -ziFi 

z»D!  -e>Fi 

(0.00  h)  1.56  h 
(0.00)  1. 10 
(0.00  w)  1.10 

(0. 00)  0.99 

(0  00)  1.51 
(0.00)  1.10 
(0.12)  1.07 

(0.00)  0.94 

18.68 
6,714.08 
6,676.14 
71.41 
42.79 

60 
80 

3 

40 

100 

V  E 

V  E 

IV  ?  E 

V  E 

879.  78 
889.97 
974  A9 
14,  985.  20 
15, 049.  77 

|i'  Fl  -e»D, 
a'Oi-r'F! 

(0.69)  1.12  B 
(0.00)  1.38 

(0.63)  1.17 
(O  33)  O  82 

(0.70)  1.17 
(0.00)  1.32 

(0.64)  1.21 
(0.25)  0.82 

36.  53 
6,  619.  10 
6,  570  96 
54.  18 
29.72 

5 
2 

(?) 
('» 
4  h 

v 

III 

V 

III » 

063.  96 
10^63 
214.28 
253  23 
310.37 

flirjj  *iT>t 

«'D|-  f'Fi 
a'P»-r>Dt 
rn>l-e»F« 
a'S*-iJPl 

6,526.99 

200 

III  K 

316  77 

(0.00,  0.22)  094  A» 

(0.00,0.  24)  0  52,  0.76, 
0.99 

(0  00)  0. 82 
(0.00)  1.45  A* 
(0.00)  0.74  A> 

6.498.  19 
46.62 

43.05 
6,415.39 

250 
200 
50  h 
1 

IV  ?  F 
V  K 
V 

384.66 
507.  73 
516.  32 
583.22 

Z'Hli  — **F| 
jHiJ-e'Fi 
f>l'I-e>Di 
a'F,  *Kli 

(0. 00)  0  81 

(0. 00  w)  1.43  A* 

(0. 00  w)  0.  76  A1 

6.399  04 
90.48 
74  08 

58.  12 
37.88 

400 

200 
30 
30 

3 

V  ?  K 
III 

V 
IV 

v 

621.  04 
643.  96 
I  'M  2! 
723.  58 
773.  7T* 

rJ(;j-^Fi 

a'Di-f'F! 

r»Di— 

a'l'i-z'DI 

«»Fi-*'FJ 

(0 .00.  1.04 
(0.00)  1.03 
(0  00  w)  1.67  A* 
(0.  S»9)  0. 49.  1.  52 

(0.00)  1.08 
(0.00)  1.04 
(0.00)  1.75  A« 
(0. 96)  0. 54,  1.  51 

20  39 
15.  79 
10  91 
07.25 
6,  305.  46 

200 

50 
200 

20  h 

10 

III 

V 

V  K 
IV 
IV 

Hi 7  44 

82k,  <*; 

841.  20 
KV)  40 
854  90 

a'l'i  tr'Fl 
rtii-  *>(;4 

•   ■  v     *-   *  I 

o'F,-r»Hi 

(0  44  )  0.  87  B 
(0.  95,  0.49.  1.43 
(0.27)  1.10  B 
(0.  00)  0.  51 

(0.41)  0.87 
(0.96)  0.50,  1.46 
(0. 29)  1. 10 
(0. 00)  0.  50 

(5,  ?J6.  08 

73.76 
62.30 
6,  203.  51 
6,188.09 

300 

100 
300 
501 
100  1 

IV  E 

in  : 
in 

V 
V 

878.  52 

935.  01 

15.  <M  17 

16,  115.  46 
155.  f>l 

I  fliPt-2'Dl 

jf'Fi-f'T)j 
a:l»i  -  if  -  f; 
z'M  <'1)j 
*'!'}-  <>Dj 

}(O0O  w)  1.20  A' 

(0.00)  1.04 
(0  00  w)  1.10  A' 
(0.  17)  1.  14  h 
(O.OOw)  1.02  Ai 

(0.00)  1.23  A> 

(0.00)  1.02 
(0.00)0.98A> 
(0. 15)  1. 14 
(O00)  0.99  A> 

74.  15 
72.  72 

6 
10 

V 
V 

192  (TJ 
195.84 

aJP»-«>D! 
a>Fr  lf'F| 

(0  00)  0  63 

0  06,  0.32,  0.63)  1.09 
A» 

(O.OOw)  1.69  A  * 
(0.  00  w)  0.  99  A» 

(0. 00)  0  55 

(  0  00,  0  34,  0.67)  1.76 
A» 

(0. 00)  1. 76  A> 
(0.00)  0  98  A' 

46.53 
1.92 
29.57 

15 
1 

50 

IV 

iv  r 

2t  A  85 

301. » 0 
309,  S5 

a'F4-|f'Fl 
aJPj-rM 

26.09 
20  34 
6, 100  37 

60 
1 

30 

V  * 

IV 
V 

319.  12 
334.  45 
3J»7.  92 

6'Dr  xsFl 
x'PI-i'Pj 
o>Pi— *»1>| 

(0. 34)  0. 92  B 
(0.00,0  34)0.84,1.16 

(0. 32)  0  93 

(0.00.O32)  0.80,1.19, 
1.61 

(0. 00.0  09)  060,1.19, 
1  ss 

(0.27)  1.10 

ft,  085. 43 

10 

V 

428.  16 

(0. 00,0  74)  1.20,1.90 

74.01 

III  A 

460.04 

x'GJ-^F, 

(0  21)  1. 12 
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Table  4. — The  first  spark  spectrum  of  lanthanum  (La  //) — Continued 


X.i,  I.  A. 

Inten- 
sity 
spark 

1  Bill  [XT 

alure 

class 

*rM  tin-: 

Term  combi- 
nations 

67. 13 
61. 42 
46.07 
6,037.98 
5,901.06 

0 
2 
2 
2 

4h 

V  ? 
V? 
IV? 

477  71 
493.23 
535. 10 
557.25 
684.36 

a»IV-  *JPI 
*»DJ-«iG« 

73. 52 
7l!  00 
61.43 
57.  90 
48.30 

120  1 
8 
3 
4 

20 

V  E 

735  02 
742  73 
760.86 
779. 80 
806.0 

zJGJ— t*Q% 
6'Di  -z»FJ 

»»Di— «*D| 

j]Q| — glFj 

36.22 
27. 71 
18.26 
5, 901. 95 
5,802.60 

20 
30 
4 

401 
4 

V  E 

IV  E 
V 

841.08 
865.  26 
892. 10 
938.87 
965.58 

a'Dj-r'Fl 
j»Dl— e*Di 
»>Dr-*JFi 
«JGI-<>Q4 
a»P|-t»P« 

85.23 
80.63 

1 
50 

III  E  ? 

16.086.00 
17,  000.  28 

a>I»i-r»PI 
a«Di— t>DI 

74.00 
63.70 
48.95 

6 
80 
20 

IV 
V  E 

010. 47 
040.36 
002.36 

a»Pi-*iPf 
aiQ4-|f»FJ 
z'DI-e'P, 

28.  44 

08.63 
08.31 
06.56 
5,805.77 

2 
8 
60 
8 
120 

IV  ? 
Ill  E 

152  51 
211.00 
211.05 
217. 14 
210. 48 

o'Di— zlG\ 
2»P|-e'Dt 
aiFr-ysFI 
y>FWGi 
a>Fi-y»Fi 

5, 707.  57 
81.02 
79.01 
09.06 
49.  50 

150 
3 
4 

60 

9 

III  E 
V  E 

243.84 
203.20 
296,52 
329.05 
387.73 

a'Fi— »JF1 
6'Dj-ifSDJ 

2>T)|~«»1>1 

6'P»-iipJ 
iJGJ  -e»Fi 

27.  20 
12  30 
5, 703. 32 
5, 671.  54 
52.3 

20 
20 
20 
100 
10  b 

V  E 
III  E  7 
III 

V  E 

455. 43 
500.90 
528.80 
f.27. 02 
687.0 

fli  p0  _ ji  pf 
oiTJ|-i»Dl 
aU^-rJpj 
*'Ill-e*Gi 
r>Gi--«>Qi 

5.610  53 
5,  591.51 
66  02 
47.  56 
35.66 

20 

1 
40 

3b 
80 

V  E 

V  E 

818. 60 
879.30 
17,958. 28 
IS,  020.  95 
050.69 

jiGJ— <*D| 
a»Fi-i>D| 
v*F2— e'G* 

6>Di  -r'P! 

5, 532. 17 
5  -193.  45 

86.' 86 
82.27 
80.72 

10 
20 

5 

40 

25 

III 

V  E 
V 

V  E 

V  E 

071.08 
108. 45 
22a  31 
235.67 
24tt  72 

r»GJ-eiDi 

6'T>i -»»!>! 
a»Fi  -»»F1 
jr»Fl-<»G, 

04. 37 

25 

V  E 

205,30 

alp,  -,»FI 

58.68 
47: 59 
5,  A2S.  82 
5. 381. 01 

50 
10 
4 

100 

V  E 

V  E 

314.37 
351. 65 
432.08 
575.61 

*'PJ-«'F| 

o»Fr- r'UJ 
V'Fi  -e'Fi 

81.77 
80.  07 
77.08 
40  m 
33.  42 

50 
100 
200 
100 
2 

V  E 

V  E 

V  E 
III  E 

570. 10 
578. 8<> 
502.30 
710.09 
744.50 

z»F|-*»F« 
a'S©  — tr3l>T 

y'FJ-fiFj 
a>P|  -y'Pj 

03.54 

100 

III  E 

85a  10 

a»Dj-2JPi 

02.62 
5, 301. 07 
5,200.83 

70.11 

150 
200 
50 
40 

V  E 
III  E 
III  K 

V  E 

853.37 
855. 68 
895.38 
18,937.33 

?iGi-rG, 
a'Di-i'Pf 
a«Fi  -2'Di 
y>F|— <KJ« 

50.38 
57.28 
26.20 
22.48 
21.32 

50 
2 

401 
3b 
3b 

III  E 

V  E 

19, 008. 37 
015.96 
129.06 
142.68 
M6.03 

o»Pr-  2>G| 
2JI)!— e'Pi 
*Uli-f'Fi 

Observed 


(0.  00)  1.  49 


(0.00 
(0.  00. 


))  1.20 
•)  1. 18 


Computed 


(0. 52)0. 86  h 

(0.00)  1.21 
fa.  00)  1.30 

(0.00  w)  1.60  A« 
(0.00)  1.54 


(0.O0.  0.42)  0.54,  0.96, 
I.  3£ 

<0.00>  1.49 
(0.00)  0.06 
lO.OOj  0.54 


(0.00)  0.75 

(0.00)  1.00 

(0.00)  1.24 

(0.00)  1.38  h 
(0.00)  1.00 


(0.00)  1.45 
(0.00)  0.98 
(O.OOi  1.48 
(0.00;  0.70 


(a  37)  1.24 
(0. 00)  1. 13 

(a  00  w)  a  so  a» 

(aoow)aoib 
(aoow)  1.57  a» 

(tt  00  w)  1. 89  A* 

(aoo)  1.03  b 

(0.00,0.40,0.07)0.00(1, 

a  40,  a  07 
(0.00)  1.00 
(a  22)  1. 14 

(a  oo)  a  74 


(a  oo)  a  77 

(O.O0w)  0.82  A> 

(a  oo)  1.07 


<  0.  00,0.61)  0.57,  1. 17, 
1.78 

(0.00)  1. 16 
(0.00  w)  1.50  w 
(0.34)  0.H2  B 
(0.00)  1  20 

(0.00  w)  0.«A' 

(0.00  w)  0.32  w 
(0.00)  1.15 


(tt  Op)  1.50 

(0.00)  1.20 
(0.00)  1.15 

(0. 46)  0. 80 

(0.00)  1.10 
(0.03)  1.31 

(0.00)  1.78  A» 
(0.00)  1.51 


(0.00,  0.41)  0.52,  0.93, 
(0.05)  1.48 


(0.00)  0.W5 
(0.05)  0.52 


(0.05)  0.74 

(0.00)  1.00 

(0.05)  1.25 

(0.00)  1.43 
(0.00)  1.08 


(0  00)  1.46 
(0.10)  0.96 
(0.00)  1.44 
(0.00)  " 


(0.32)  1.20 

(0.  00)  0. 77  A> 

(0.00)0.69 
(0.00)  1.70A» 


.81  A» 
0.99 


SoS  a 

(0.00)  0.98 
(0.  25)  1. 12 

(a  oo)  a  72 


(0.00)  0.80 
(0.00)  0.83  A« 
(0.08)  1.08 


(0.00,  a  50)  0.55,  1.14, 
1.73 

(0. 00)  1. 18 
(0.00)  1.40 
(0.30)  0.83 
(0.00)  1  £S 


(0.00)  OS5  A« 
(0.00)  0.28  A> 
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Table  4. — The  first  spark  spectrum  of  lanthanum  (La  n) — Continued 


X»fc  I.  A. 

Inten- 
sity 

Temper 
ature 
class 

Term  combi- 

Zeeman effects 

nations 

Observed 

Computed 

17.83 
5,  204.  14 
5,  191.  60 
88.  21 
83.  42 

10  h 
300 
3b 

500 
400 

VE 

VE 
III  E 

159.74 
210.14 
256.91 
2»i9. 12 
286.93 

*»HJ-*»F« 

(0.00)  0.88  A»? 

\\J.W)  i.UO 

(0.00)  1.09 
(0.00)  1.31 

(0.00)  0.85  A> 

(0.00)  1.09 
(0.05)  1.33 

73.  83 
72.89 
67.  28 

62  68 

261 
20  1 
10 
40 
3 

IV  ?  E 
V  E 

V?  E 

322  67 
326. 19 
347. 17 
300.92 
364.41 

x'Fi-/iT>! 
a*Gt-z*Fl 

(0.00)  1.06 
(0.20  1.03 

(0.74)  1.18  B 

(0.00)  0.99 
(0.30)  1.02 

(0.66)  1.16 

57.43 
56.  74 
52.  31 
22.99 
14.50 

150 
40 
1 

200 
200 

V  E 

V  E 

III  E 

m?E 

384. 12 
386.71 
403.38 
614.43 
546.63 

*«Hl-*>Fi 
a'Fi-r'OJ 
&iD|-jr>PJ 
a«Di-z»D| 
a'D,-*«P? 

(0.00)  0.66 

(O.OO)  1.16 
(0.00)  0.54 

(0.00)  0.73 

(0.08)  1.16 
(0.03)  0.53 

12. 37 
5. 107.  54 
5.  090.  56 
86.71 
80.21 

2 

6b 
201 

3bl 
40 

VE 
VE 

554.  97 
573.  46 
638.  74 
653.61 
678,  76 

MtFl— <>F« 

f   'J      t  17  4 

*'P}-f»I>i 
^Fl-^Oi 

(a  oo)  i.i9 

(0.00  w)  1.33  A« 
(0.38)  0.98  w 

(0.00)  1.37  A» 
(0.45)  0.96 

66  99 

63.  76 
62.  91 

20  h 
3 
20 

VE 

730.  10 
742  68 
746.00 

e*Qi— 2J 

K»F|-e>Fi 

a>P,-r»D? 

(0.00)  1.10  b 

(0.^  0.66)  0.90,  1.56, 

(M0^  0.69)  0.80,  1.49, 

60.85 
58.  56 

3 

1  h 

754.04 
762,97 

t*¥l-e>Qt 

48.04 
14  45 

5.002.  12 
4,  999.  46 
96.82 

30] 
30  hi 

Ov  III 

40 
200 
50 

VE 

V  E 
III  E 

V  E 

804.  16 
936  82 
985.98 
19,996.60 
20,007.16 

r»Fi-3»o, 

fiFS-r>Dt 
a>T>,-*JPi 
f»FI-«'G4 

(0.00)  1.16 

(n  m\  i  no 
(0.00  w)  1.28  A» 

(0.00)  1.12 

(0.00)  1.08 
(0.00)  1.08  A  i 

95.17 
91.27 
86  82 

74.20 
70.39 

•  1 
80 
100 

4b 

100 

IV  E 
III  E 

III  E 

013.77 
029.41 
047  28 

098. 14 
113.55 

««FJ-*'Fi 

a'S«-z>  PJ 

Z>P|-f<Pl 

a'Dj-2'P! 

(0.00)  0.85 

(0.00.  0.43)  0.57,  1.00, 
1.43 

US 

(0.00)  0.88 

1 0.00,  0.44)  0.55,  0.99, 
1.43 

(U.UU,  \lJ£)  V.  BZ,  1.14, 
1.46 

56.04 
52.06 
46.47 

2 
40 

50 

V 

V  E 
IV?E 

171.  79 
188.00 
210.81 

IfJFJ-e'D, 
a»D|-*'Df 

(0.00)  1.17. 

(0.00.  0.67)  1.15,  1.82 

(0.00)  1.15 

(0.00,  0.87)  0.52,  1.19, 
1.85 

(0.00)  0.99 

35.61 
34.83 

10 
100 

V  E 

V  E 

255.28 
258.48 

fl»Pi— y'DI 
6'Di— y'P] 

(0.00)  0.97 

21.80 
20.98 
11.34 
4. 904.43 
4.  K99. 92 

300 
300 
10 

2b 

200 

III  E 
III  E 

III  E 

312. 12 
315.50 
365.38 
384  05 
402.82 

0»F4— 2»OJ 

o'Fi — f*Gl 
i'OJ— <»Fi 
x'Pfr-tf'Di 
o»Fr-x»Gl 

(0.00)  1.11 
(0.00)  1.00 

in  nf\\  n  an 

(0.00)  1.09 
(0.00)  0.92 

(ft  ftft\   ft  fir) 

91.43 
80  2fl 

74.  tw 
60  90 
59.18 

50.58 

41  29 
40.02 
30.51 

28.87 

10 
10  b 
1 

80 
6b 

30 

6 

30 
10 

20 

III  E 

VE 
V 

VE 
VE 

VE 

438.23 
485. 17 
507. 15 
666.59 
573.87 

610.36 

641.37 
655.32 
695.98 

711.59 

I'Hi-fKl. 
i*P}— ff»l>i 
ZU)»-€>D| 
o>F«— z»l)j 
jiGJ-^Gt 
2»P,-r'Di 
a»Pr— i»FJ 

m\t\  -IT/ 

*'U« — t'l  i 

o»Dt-r»P| 
a>Pi-i»F| 

a'Dr-«»D| 

(0.00)  1.19 

(0.00)  1.03 

(0.67)  1.30  ? 
(0.00)  0.76  R 

(0.33)  1.08  R 

(0.00)  1.17 
(0.00)  1.06 

• 

(0.68)  1.30 

(0.00,  0.67)  0.17.  0.84 

1.51 
(0.36)  1.09 

24.05 
09.00 
4.  804.  04 
4.  795.87 
94.55 

100 
100 
80 
25 
3 

III  E 

V  E 

V  E 

V  E 

V  E 

723. 70 
788.55 
810  02 
841.99 
851.20 

a«P»-r*DT 
a»l)j— nPJ 
ojDi— nPt 
a'G4-yiDi 

(0.00)  0.7» 
(0.00)  0.51 
(0.95)  0.49,  1.43 

(0.00)  0.80 
(0.00)  0.52 
(0.94)  0.52,  1.46 
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Table  4. — The  first  spark  spectrum  of  lanthanum  (La  //) — Continued 


A. i,  I.  A. 

Inten- 
sity 
spark 

Temper- 
ature 
class 

Term  combi- 
nations 

Zeetnan  effects 

Observed 

Computed 

.  80.55 
&8.40 
48  73 
4.108 
40.27 

2 
3 
150 
250 
120 

V 

V  E 

V  E 
III  E 

20. 912. 27 
21, 009. 61 
052. 39 
071.  47 
089  96 

|r»n-««D» 
Qifji  run 

%m  \J  4]       m    1  1  § 

fl»Fr-f»D| 

(0.00)  1.00 

(0.52  w)  0.95JU 
(0.00  w)  0.97 Ji.* 

(0.00)  0.99 
(0.65)  0.98 
(0.00)  0.90  A  ' 

39.80 
30.73 
28.41 

24  42 
22.14 

15 
3b 
100 

40 

2b 

V  E 

V  E 

092.06 
132.50 
142.86 

160  72 

17a  94 

o>Q«— X*Ft 
x'F|-^lO, 
fl"Dr—  r*D| 

nip,  «ll)t 

f'PWDi 

(0.00.  0.32)  1.31,  1.61, 
1.91 

(0.65)  0.95  us 

0.00,  0.33,  0.66)-,  -, 

1.32,  1.65,  1. 99 
(0.30,  0.59)  0.89,  1.19, 

1.49,  1.78 

19.  93 
17!  58 
16.44 

12.92 

4,708.27 

150 
50 
80 

40 

150 

V  F 

V  E 

V  E 

V  E 

V  E 

ISO  85 
191.40 
196.62 

212.35 

255.87 

dirt  tfip, 

i»OJ-*«F« 
a»Pt— r«P! 

a»Di-f«D| 

««FJ-«»F| 

(0.00;  1. 06 
(0.50)  1.2 

(0.00,  0.60)  0.92.  1.62, 
2.12 

(0.00.  0.47,  0.92)  1.83, 
2.26  R 

(aoow)  1.70  A» 

til  fW*    1  AK 
(lUJUj  l.UO 

(a48)  1.07 

(o.oo,  aei)  o.88,  1.49 

2.09 

(0.00,0.44,0.88) 

1.78,2.22 
(aOO)  1.85  A» 

4.  099.62 
92.50 
01  17 

50 
200 
50 

V  E 

V  E 

V  E 

272.28 
304.66 
310  70 

«»D»— f'F| 
r*Fh-<»Oi 

nil),  rjpt 

(0.00  w)  1.21  A» 
(aOO,  0.46)  0.46  us 

(aOO)  1.26  A» 

(0.00,  0.47)  0.51,  0.99. 

1.46 
(aOO)  0.89 

88.65 
84.39 

40 

2b 

V  E 

322.15 
341.54 

r»Fl— e»Di 
<*Di— 4J 

(0.00)  0.98 

82.12 
73  S3 
71.82 
68.91 

63.76 

5 

l  b 
200 
250 

300 

V  E 

V  E 

V  E 

351.89 

ov  1  *  1  » 

308.96 
412.30 

436.94 

o»Di— «PJ 

C~1V| 03,  J 

r»F|-«»F, 
riF|-<«Fi 

(0.00  w)  1.29  b 

(0. 00,  0.34,  0.68)  0.77, 

1    10  1    At     1  421  in 

(0.20)0.99 

(0.00)  1.30 

(0.00,  0.36,  0.71)  -,  -, 

0.73,  LIW,  1.44,  l.OU 
(0.24)  0.99 

62  SI 
55.  49 
52.  07 
47.50 
45.28 

•>oo 

400 

30  bl 
100 
100 

III  F 

111 

V  E 
I 

V  E 

V  E 

474.02 
489.  SI 
510  94 
621.22 

u»F«—  itl)! 

r»FJ— <«Fi 
■»F,-r»D| 

(O.OOw)  0.89  A« 
(0.43)  1.20  B 

(0.00,  0.31,0.61)  1.98  A' 
(0.60)  1.26  B 

(aOO)  0.91  A» 
(0.37)  1.2a 

(0.00,  a30. 0.61)  2.17  A', 
(0.58)  1.20 

41.40 
36.42 
34.  95 
23.  99 
19.87 

2  b 
80 
25  1 

2  b 
300 

V  E 

V  E 

539.21 
562.35 
509. 19 
620.31 
639.59 

<'F,-2! 

*iD*—«»Di 

»»DH/>D, 

z*F|— ««Fi 

(0.21)  1.00 
(0.00)  1.43 

(0.00)  a  70 

(0.21)  0.99 
(0.00)  1.48 

(0.10)  a70 

13.38 

01.65 

4,  600.  59 

4,595.06 
87.14 
80.05 

1*.  OS 

70.97 
62.5 

200 

tm 
3 

5  h 

2  b 
2  b 
150 

10 
5  b 

V  E 

V  R 

V  E 
III  E 

ILL  JC* 

V  E 

670  03 

7ns  70 
725.27 

730.27 

756.42 

793.99 
827.73 

KM  44 

00*.  ■  ■ 

871.08 
911. 7 

o»Pi-f«Dl 

nip,  «ipt 

«*Oi— 4J 
[    mi  vi  on, 

\  *»PW>Di 

<»Ft-2J 
a»Pi— f»PJ 

fll  T>,  «IP| 

o»  Dr-»»  Di 
f'Oi — 11 

(0.00,  0.33)  0.83,  1.16, 
(0.63)  0.89, 1.52 

(0.00)1.51 

(0.49.  0.98)  0.49,  0.98, 

1.46.  1.94 
(0.43)  1.00  R 

(0.00,  0.32)  0.88.  1.19, 
1.51 

(0.62)  0.88, 1.51 
(0.00)1.51 

(0.48,  0.95)  0.51,  0.99 
1.46,  1.94 

(0.44)  1.02 

59.28 

100 

V  E 

927. 16 

0»P|— f»PI 

(0.00,  a  18)  1.62 

(0.00,  a  23)   L26,  1.49, 

1.71 
(0.00)  a  82  A> 
(0.00)  1.28 

58.  46 
40.71 
38.  K7 
30.54 

200 
10 
8  hi 
15 

III  E 

V  E 

21. 1131. 10 
2-2,  016. 84 
025.76 
0C6. 26 

o'Di — y'FJ 
r'Fl— «»F« 
jf»P,W>Di 
6>Di-z«Pl 

(aOOw)  0.88  A' 
(0.00)  1.27 

20.12 
25.31 

200 
100 

HI  E 
V  E 

087.81 
091. 76 

a»Pt-»'Dl 
«»FI— «iF« 

(aoow)  1.01  A« 

(a  46)  1. 19  H 

(0.00)  0.96  A1 
(0. 39)  1. 20 

22.  37 

400 

III  E 

106. 12| 

a»F*-f»D|  j 

(0. 00)  1. 02 

(a  oo)  1.00 

16.38 
08.  48 

6  hi 
10 

135.44 
174.22 

a»P»-r«PT 

(aa»a9o 

(aoo).a88 
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Table  4. — The  first  spark  spectrum  of  lanthanum  (La  //) — Continued 


X.i,  I.  A. 

Inten- 

Temper- 

r,Mcm-» 

Term  combi- 

Zeenian effects 

sity^ 

ature 

class 

nations 

Observed 

Computed 

05.82 
4,  502. 15 
4, 498. 75 
97.00 
84.48 

3  hi 
10  hi 

10 
2 

lb 

187.32 
206.35 
222. 13 
230. 83 
292.  90 

jr>PJ-/,I>i 
x»Pl— *«Si 
r»FI— <>1)» 
a»Fi— r«P| 
«»04-6U 

(0.00)  L47 
(a  00)  1.14 

(0.00)  1.47 
(0.00)  L  13 

81.21 
74.03 

25  bl 
10 

309.10 
344.96 

(tt 40)  0.50.0.87 
(0. 00, 0.66)  0.50,  1.17, 
1.83 

(a  24)  1.41 

(a  oo)  1. 18  h 

(a  36)  tt  52, 0.88 
(0.00,0.67)  a  52,  1.19, 
1. 86 

(0.24)  1.38 
(a  09)  1.17 

58  10 
55  79 
43.94 

3 

50 

20  hi 

V  E 
I 

419.78 
436.43 
496.26 

*«0|-e»Q» 
a>P,— f«PI 
|'DH'l>i 

35.84 

32.95 
2y,90 

27.52 
19. 10 

10 

20" 
400 

100 
30 

IV  E 

HIE 

VE 
V  E 

537.34 

552.03 
567.50 

579.69 
622.41 

«»F|—  r»DS 

e»F4— r«FI 
a«D,-f»I>l 

r»FJ— <»Fi 
r'Ol-r'ai 

(0.00,0.60,  1.19)  1.28, 
1.86,2.44 

(0.00,0.40)  a  si,  a  9i, 

(0.00  w)  1.06 
(0.28)  1.04 

(0.00,  a  59,  1.17)  -,  -, 
L  32,1.90, 2.49 

(0.00,  a  38)  0.52,  0.90, 
1.27 

(0.07)  1.07 
(0.21)  1.03 

17.14 
12.22 
11.21 
4.  403.02 
4,385.20 

2h 
2h 
25  hi 
2 

40 

III 

V  E 
III  A 

V  E 

632.75 
657.98 
663. 17 
705.33 
797.59 

e»Fr-3|.i 
i«FJ— /»Di 
o»Fr— r»PI 
r*Flr— <«0« 

(0.00  h)  1.13  h 
(0.00)  1.24 

(0.00)  1.12 
(0.00)  1.24 

83.44 

78.10 
&4.  06 
63.05 
56.  18 

100 

50 
100 
501 
1 

V  E 

IV  E 
IV  E 

V  E 

806.75 

834.50 
904  88 
913.33 
949.46 

z»Ff-««F| 

i«F|— <'Fi 
«»Pt— if*  PI 

(0.00,0.40.0.80)  0.28, 
0.68,  1.08,  1.48,  1.88 
(0.30  w)  0.95 
(0.00)  1.28 
(0.00  h)  1.32  h 

(0.00,  0.38,  0.77)  0.29, 

0.68,  1.06,  1.46,  1. 83 
(0.34)  1.02 
(0.00)  1.26 
(0.03)  1.32 

54.40 
37.78 
34.90 

33.70 
22.51 

200 
10  1 
100 

500 
100 

IV  E 

V  E 

III  E 
111  E 

22, 958. 84 
23,046.81 
061.80 

068.19 
128.22 

e'8*-jr'PI 
r»F|-«'Fi 

e'Dr-r'Fi 

(0.00)  1.08 

(0.00)  1.08  h 

iO.OO,  0.29.  0.57)  0.69, 

0.97,  1.26,  1.54 
(0.17)  0.94 
(0.00)  1.10 

(0.00)  1.07 
(0.00)  1.02 

tf.00.  0.28,  0.55) -0.68, 

0.95,  1.23,  1.61 
(0.18)  0.94 
(0.00)  1.08 

15.90 

04. 11 
4, 300. 44 

4.  296.06 
86.97 

30 

10  hi 
60 

300 
300 

V  E 

IV  E 

IV  E 
VE 

163.65 

227. 10 
246.92 

270.67 
319.98 

a»D»-J»Fi 

e»F«—  5J,i 
a»Fi— r»PJ 

«»Pi— J*  PI 
*FJ-<'Q» 

(0.00.  0.50,  1.00)  0.86. 

1.36.  1.86.2.3* 
(0.00  b)  1.24  h 
(0.73,  1.48)  0.0O,  0.72, 

1.45,  2.18 
(0.00)  1.48 
(0.00)  1.08 

(0.00,  0.50,  1.00) -0.84, 
1.34,  1.84,2.34 

(0.73,  1.46)  0.00,0.73, 

1.46,  2.19 
(0.02)  1.49 
(0.00)  1.09 

75  64 

69.50 
63  59 
59  51 
50.50 

100 

300 
200 

2b 
3 

IV  E 

V  E 

V  E 

381.75 

415.38 
447.83 
470.30 
486.89 

a»Dt-|r«D{ 

r»F$-#»Fi 
r'Fr-e'Q4 
x'Fl-/»D, 

(0.00,  0.35)0.82,1.17, 
1.52 

(0.00)  1.20 
(0.00)  1.12 

(0.00,  0.34)  0.80.  1.14, 
1.48 

(0.00)  1.22 
(0.00)  1.08 

52.93 
49.99 

4 

100 

VE 

506. 61 
522.87 

fl»F^-tfiFi 
r»Fl-«>Qi 

(a  74)  0.50,  a  76.  1.02, 
1.27,  1.53.1.76 

(-,-,0.59,0.79)  0.50, 
a  75, 1.00,  1.25,  1.50, 
1.75 

(-,0.51,0.77)0  57,0.83, 
1  OA  1  34    1  59  1  85 

l.Vv)                     ltVf|  I.OV 

48.32 
41.20 
38.38 

2 

15  bl 
400 

III  E 

532.11 
571.62 
587.30 

f'PWF, 

e>Qt-4l 

oJDt-^FI 

(0.74)  0.66.  a  82.  1.08, 
1  34   1  60  1  86 

30.95 

17.66 
10.  22 
07.61 
04.03 

150 

200 
50  hi 
101 

100 

VE 
VE 

VE 

628.72 

703.74 
745.08 
759.79 
780.02 

«'FJ-<»D, 
r>FJ-<'Di 

a»Pi-»«P| 

(0.80)  0.05,  tt  85.  1.06, 

1.26,  1.47,  1.67  UT 
(0.00)  1.22 
(0.00  h)  1.02  h 
(0.  27)  0. 68  h 
(0.00)  1.48 

(-,  0.52,0.78)0.53,0.79, 
1.05,  1.31,  1.56,  1.82 
(0.00)  1.19 

(0.28)  0.66 
(0.00)  1.49 

4,201.50 
4, 195. 55 

94  .36 
93.34 
92.35 

Oh 

250 

30h 
5 
100 

III  E 
V  E 

794.34 
822.41 

834.85 
840.  64 
846.27 

o*Dr-^r»F| 
x'FJ-/iO« 
z»Ft-«»Dj 

(0.32,  0.64)  a  51,  0.82, 
1.13.  1.44 

(0. 00  h)  1. 08  h 

(a  25)  a  64 

(0.00)  1.06 

(0.30,  0.61)  0.53,  0.84. 
1.14,  1.44 

(0.00)  1.06 
(0.00)  1.47  (?) 

(a  oo)  1.07 
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Table  4. — The  first  spark  spectrum  of  lanthanum  (La  //) — Continued 


X.t,  I.  A. 

Inten- 
sity 
spark 

Temper- 
ature 
class 

nations 

Zeemnn  e  fleets 

Observed 

Computed 

80.97 
ftl  94 

M.  59 
52.78 

51.98 

121 
8  h 
2b 
100 

250 

IV  TE 
III  E 

23,911.18 
24,  020.  51 
063.00 
073.49 

078.13 

e'Ft— 5J.i 
*FS-c>Di 

o»Di-ir'Di 

(ttOO  h)  1.02 
(0.43.0.84)  0.27,  0.67, 

•     m\m\        *  JA 

1.08,  1.48 
(0.29)  0.50,0.77 

(a  42,  0.85)  0.25,  0.W, 

1.16,  1.52 
(a  28)  0.52,  a  80 

AO  A 

4K.  2 

43.77 

41.73 

37.91 

33.33 

A  1. 

4  n 

15 
200 
2 

6  hi 

IV  E 

100. 1 

125.83 

137.72 

160.00 

186.77 

a*Pt— »'Pf 
o«Di— r»D| 
fO»-3!,» 

(aoow)  1.50  w 

(aOO)  0.87 

(0.00)  1.48 

32.50 

M  a      mm  A 

31.74 
23.23 

15.35 
13.28 

10  hi 
6  h 
400 

lh 
401 

III  E 

191.63 
198.08 
246.01 
292.44 
304.66 

e*Dt— 71. 1 
a>Dt-**F! 

f«F»-6?,i 

(0.00  h)  0.83  b 
(0.00  h)  1.13  h 
(0.00)  1.05 

(0.00  h)  1.09  h 

(0.00)  0.92 
(0.00)  1.02 

4,101.01 
4,  05*.  M 
98.73 
8fi.72 
77.35 

3b 
150 
5 

300 
300 

V  E 

III  E 
III  E 

377.38 
386. 12 
390.94 
462.62 
518.84 

e«G«-7I.  1 
ZiF»-f»Di 
x'FJ — /*Di 
a*Fj— triD? 
fl»Di— x*Fl 

(0.00)  0.77 

(0.32)  0.79  w 
(0.00,0.32)   0.57,  0.89. 
1.20 

(0.00)  0.77 
(0.30)  0.81 

(0.00.0.32)   0.62,  0.84, 
1.15 

78.71 

87.39 
58.  OH 
50.  OS 
42.91 

40 

100 

5t 
200 
300 

IV  E 

IV  E 

VE 
IV  E 

522.68 

578.88 
635.26 
683.92 
727.70 

a»Fi-»»Fl 

a'Dr— ir>nf 
a»Pi— yiP\ 

a»Q,— r'FI 

(0.00.0.31.  0.62)  0.79, 

1.08.  1.38,  1.69 
(0.00  w)  1.14  A» 
(0.45)  1.06.  1.47  us 
(0.00)  1.02 
(0.00)  0.99 

(0.00,0.30.0.60)  -.0.73, 

1.03,  1.S3.  1.64 
(0.00)  1.17  A» 
(0.44)  1.07,  1.51 
(0.00)  1.05 
(0.00)  1.00 

3ti.  5l.) 
31.68 
25.87 
23.  5S 
20. 19 

15  d 
300 
50 
40 
2b 

V  E 

III  E 

IV  E 
IV  E 

766. 41 
796.57 
832.36 
846. 49 
887.44 

a'S«— x'PJ 
a»H»— r»D| 
a» !)»-«» P! 
If'Fl— e'O. 
r>I*!-e'Si 

(0.00)  1.54 
(0.00)  1.15 
(0.00  w)  1.37  A» 
(0.00)  1.07 

(0.00)  1.52 
(0.09)  1.17 
(0.00)  1.40  A« 
(0.00)  1.02 

A     AAf    Mm  A 

4.  00,  .rt4 
3,  \)95.  74 
94.50 
88.51 
81.36 

7  h 
400 

10 
500 

101 

III  E 
III  E 

*\  m     n  m  mf  m»1% 

24.  !>45.  32 
25.019.61 
027.37 
084.98 
109.97 

a>D»-x»Fi 
r»Fl— f«Di 
a«D»— tr'DI 
i*F|-/>Di 

(0.00  w)  1.01  b 
(0.30)  0.90  w 
(0.57  h)  1.25  b 
(0.00)  1.32 
(0.38)  0.98  b.  US 

(0.27)  0.91 
(0.56)  1.20 
(O.Ofi)  1.32 
(0.33)  0.93 

79. 08 
63.04 
62.03 
58.53 
57.25 

8  1 
51 
101 
2 
2 

124. 35 
220.04 
232. 47 
254.78 
262.95 

^FJ— p'Dj 

(0.00)  1.26 
(0.00  w)  0.82  b 
(0.00)1. 10  h 

(0.00)  1.30 

56.07 
55.  21 
53  3f> 
51.43 
49.10 

4 

3b 

2 

3h 
600 

III  E 

270  48 
275.98 
287.81 
300.18 
315.09 

x»FWlFi 
a»I>r-x»Fl 

(0.00  h)  1.20  h 
(0.00)  1.15 
(0.00)  1.06 

(0.00)  1.13  w 

(0.00)  1.27 
(0.00)  1.11 

44.15 

39.  85 
36.22 

3 

201 
50 

IV  E 

346.86 
374.52 
397.92 

a»Fi-j»F| 

(0.00)  1.18  h 
(0.21)  1.27  h 
(0.00,  0.25,  0.48),  0.80, 
1.10,  1.34,  1.58. 

(0.04)  1.18 
(0.26)  1.26 

(0.00.  0.28,  0.51)  — ,  — , 
0.84, 1.09, 1.35, 1. 60 

32.53 
30.47 

10  1 

3 

421.75 
435.07 

»»I>§-/»D, 

(0.44)  1.06  B 
(0.00)  0.92 

(0.44)  1.02 

29.22 
25.  09 
24  09 
21.54 

16.05 

300 

6 
3 

200 
300 

III  E 

III  E 
III  E 

443. 17 
409.94 
472.53 
492.99 

528. 73 

o«D,-j«F1 
JT'DI-PO, 

a»D,-F'D! 

a«D,-x'PS 

(0.00)  1.20 

(0.00  h)  0.72  h 
(0.00.0.66)  0.52,1.18, 
1.84 

(0.38)  0.51.  a  88 

(0.00)  1.18 

(0.00,0.67)  0.52,1.19. 

1  86 
(0.86)  a  52. 0.88 

3.910.81 
3. 897.  43 
92. 47 
92.05 
86.37 

101 
4 

3 
3 
150 

IV  TE 
III  E 

562.  94 
650. 70 
683.37 
686  15 

723.69 

o>D»-p»PI 
0Ji),-p»PJ 
y"P!-r«Pi 

(0.00)  1.04 
(0.00  b)  1.4  b 
(0.00  w)  1  62  A  * 

(0.00)  1.08 
(a  00)  1.30 
(0.00)  1.66A' 
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Table  4.— The  first  spark  spectrum  of  lanthanum  {La  //) —Continued 


X.i,  I.  A. 

Inien- 

sity 
tpark 

Temper- 
ature 

Term  combi- 

nations 

Observed 

Com  tinted 

84. 00 
71.  64 
68  35 
64.  49 
A3. 11 

4 

200 

3  h 
1001 

2 

III  ?E 

732.16 
821.56 
843.52 
869.33 

878.67 

r»P!-e«Pi 
a«Fi-i«FI 

x»F1-/»0, 
I'PW'P, 

(a  00)  1.08 
fO  00  hi  l  in  h 

(0.00)  1.00 

I  CI  IY11  1  II 
UU)   1.  11 

60.31 
54  91 
40.02 
46  00 
4tt  72 

2 
30 
100 
20 
60 

III  ?E 

V  ?  E 
V?  E 

807.34 
033.62 
073.30 
25,  993.  G9 
20,029.43 

0«P,-X»PI 

a»F»-y>DI 
a'Di-z'PI 

(a  oo)  i.6o 

(a  00)  0.69 

1(1  W\  1   11  R 

(0.00)  1.04 

(0.00)  1.48 
(0.00)  0.70 

(0.00)  1.04 

36  4 

35  09 
17.24 
16  25 
14.1 

1 

60 

8  h 
10  h 

2 

V  E 

068.7 

067.64 

189.53 

196.33 

211.1 

x»FJ-*»F, 
a'Fi— z*Pl 
«•!)»— 8J 
ir»DI-?»D, 
y»PI^»Si 

(0.00)  1.49. 
(0.00)  0.82  h. 

1 II  IN)  hi  OfiK 

(0.00)  1.51. 

08.70 
07. 1 
04.8 
3.801.0 
3,798.10 

16 
1 

2  b 

1 

2 

247.63 

259.3 

275.2 

301.4 

320.88 

fl'Di— *»P| 

a»Di-**Pf 

r»FJ-/»Fi 

jrM>i-jr»D» 

x*Fh-ff'Di 

(0.00  w)  1.18  h 

(0.00)  1.18 

04.78 
90  S3 
M.  81 
83  06 
80.67 

400 

300 
15 
1 

507 

III  E 
HI  E 

V  E 

V  E 

344.54 
371.09 
413.03 
426. 15 
442.85 

a»F«— p*Dl 
a'F,— »«D| 
o»Fr— i«F| 
<»Oi-71,i 
a«Pi-r*Pi 

(0.00)  1.16 
(0.00)  1.00. 
(0.17)  0.70. 

(0.00)  1.54. 

(0.00)  1.18. 
(0.00)  0.99. 
(0.19)  a78. 

(0.01)  1.51. 

80.63 
73. 12 
68.08 
67.06 
66.58 

50? 
160  1 
3  h 
5  b 
3  h 

443  84 

495.77 
524  87 
538.46 
541.77 

x'FJ-/»Q» 

yDh^F, 
F'Ph-^P, 
x'FJ-HIli 

(0.00  h)  0.92  h. 
(0.00)  1.00  b. 

(0.47)  1.24  B. 

(0.00)  0.04. 
(0.00)  1.00. 

(0.60)  1.36. 

80.08 
53  04 
47.  96 
44.85 
36.41 

300 
2  b 
5  1 
2  b 
15  1 

III  E 

594.72 
637.52 
673.63 
695.78 
756.08 

aiF,-7iFJ 
x'F|-/»F, 

(0.00)  1.25. 
(0.00  w)  0.90  h. 
(0.37)  1.20  B. 

(0.04)  1.25. 
(0.29)  1.20. 

35.86 
35.09 
31.42 
28.07 
25.06 

10 
1 

8h 
2b 
20 

IV  E 
IV  E 

760.00 
765.53 
791.86 
809.46 
837.67 

a>  D»— f»Pl 

t*V\—e*Pt 
o«Fr-x»Fi 

(0  00  w)  0  90  d 

(0.00,  038,  0.75)  0.79, 
1.16,  1.63,  1.90 

(0  00)  0  86 

(0.00,  0.35,0.70)- 
1.08,  1.43,  1.78 

,0.73, 

20.75 
17.00 
15.53 

14.87 
13.54 

2 
2 
50 

40 

100 

IV  E 

V  E 
IV  E 

868.69 
888.63 
906.44 

911.22 
920.85 

x>Ff— «'P| 
o»Dr- f»PI 

aiPr-x»PJ 
a«Dr-*»DJ 

(0.40,  0.72)  0.80,  1.13, 

1.46,  1.79 
(0.00)  1.60 

i  0  00    0  34   0  flfO  1  (Kt 
1.35,  1:69,2.03 

(0.36.  0.71)  0.78, 

1.50,  1.85 
(0.00)  1.62 
to  oo  (iTi  n  n1,)  — 

1.31,  1.64,  1.06 

1.14, 
n  (w 

,  u.w, 

10.61 
05  81 
3.  701.81 
3. 696. 11 
06.2 

2 

80 

401 
2b 
2b 

V  E 

V  E 

942.11 
26. 977. 01 
27,006.15 
047.80 
064.5 

«'Pt-f»Si 
c»P*-x»I'| 
lfiD|-^F« 
x«Fh-/»Fi 

(0.00)  1.51 
(a00  w)  0.73  A» 

(0.02)  1.48 
(0.00)  0.70  A» 

04.27 
9*2  31 

78.24 
75.  22 
70.23 

7b 
2b 
2b 
1 

4h 

081.27 
075.64 
179.20 
201.54 
238.52 

f'Dh-/>D, 
f»Pi  -«»Pi 
z»PW»D, 
<-'FL-jq 

(a36)  0.88  b 
(0.30)  1.06 

(0.22)  0.06 

69  27 

3b 
101 

245.65 
275.75 

x»Fh-f>Di? 

(0.00d)  1.92d 

(0.00,0.37,-)-,- 
1.96. 

(0.57)  1.20 
(0.00)  1.17 

.1.51. 

62.08 
5M  40 
5H.  04 

30 
3 
1 

IV  E 

299. 14 
326.60 
329.29 

a»Ft— jf»D| 
x'FJ— fl'O, 
»»DI  -«>P, 

(0.69)  1. 16  B 
(0.00)  1.0 
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Table  4. — The  first  spark  spectrum  of  lanthanum  (La  //)— Continued 


X»lr  I.  A. 

Inten- 
sity 
spark 

Teni  per- 
aturo 

01X1-1 

Term  com  bl- 

Zee  hi  an  effects 

Observed 

Computed 

M.62 
60. 10 

46.48 
41.60 
41. 10 

in 

80 

200 
501 
2 

V  E 
IV  E 

369.84 
888.06 

423.  82 
452.21 
456.43 

*>P1— «»8# 
a>Fi— r»DI 

a*F»— f'Pt 

2>H1— e»Hi 

(0  48,0.01)  a  29, 0.73, 
1.18,  1.62 

(a  oo)  a  66 

(0. 00)  1. 21 
(0.00)  1.01 

(0.46,  0.02)  a  27,  0.73, 

1.10,  1.65 
(0.00)  a  65 
(0.00)  1.00 

(a  oo)  lot 

39.  25 

37. 15 
29.  99 
2H.H3 
21.77 

3h 
40 

2  hi 
60 

4 

V  E 

IV  E 

V  E 

470.  39 
486.25 
54a  46 
549.27 
602.97 

x*FW>G« 
a'Pi— x*Pl 

o»F»-x»FJ 
«»Di-y»P| 

(0.00)  1.51 
(O.OOw)  1.68  A» 

(a  00)  1.46 
(0.  00)  1. 71  A» 

2a  16 
18.60 
12.  34 
11.09 

10.25 

1 
1 
60 
2 

301 

V  E 

615.24 
627.15 
675.02 
684.60 
691.04 

riFWFt 
*»D|— /»Di 
|f«DHPFi 
r»PJ-e»Pi 

(0.00)  1. 11 
(0.00)  1.57h 
(0.00)  1.02 

(0.00)  1.10 
(0.00)  1.57 

(a  oo)  1.03 

00.22 
OX  18 
06.42 
3,  601. 07 
3,698.08 

4 
4 

4bl 

20  hi 
3  hi 

cE 

698.95 
706.93 
720.45 
761.63 
778. 14 

jiFJ-A«Di 

p*D\-pQt 
e«D,-»'Pl 
*»DI-/>D, 

(0.00)  1.00 
(O.OOw)  1.08  A> 

(aoo)  Lis 

(0.00)  1.15 

(0.00)  1.01 
(0.00)  1.12  A> 

(aoo)  i.i7 

(0.08)  1.16 

96.  65 
93.  29 
92.  42 
90.66 
85.53 

4  hi 

2h 
lb 
2 

v  E 

705.78 
821.74 
828.48 
842.11 
881.05 

•*D|-f»D, 

»«DI-««P| 
f»Pt-e«Pi 

(0.00)  1.22 
(0.00)  1.25 

(0.20)  1.14 

(aoo)  1.20 

81.68 
80. 10 
78.  89 
76.  56 
70.10 

20  hi 
8b 
5h 
2  hi 

30  hi 

011.02 
924.24 
933.68 
27,951.88 
28,002.38 

f»D!— PFi 
i»P!-/»Pi 
i»Pl-/»P» 
x»F|-«*8| 
i»n-/»Fi 

(0.00)  0.74 
(0.00)  1.52 
(0.00)  1.44 

(0.00)  1.08 

(0.00)  0.76 
(0.00)  1.48 
(0.00)  1.82 

(ai5)  i.ii 

67.26 
50.82 
36.  37 
S3.  67 
80.67 

8 
6 

3h 
3h 
8 

IV  ?E 
IV  7  E 

V?E 

103.53 
154.49 
269.53 
291.13 
315. 17 

a»Dj-»»Pj 
«»Ft-pM'! 
i»FI-f»H« 
«»Dt-/»Di 
o»Ft-»»Dl 

26.77 
20.72 
14.87 
12.  93 
10.00 

2h 
10  hi 

2b 
10 
16 

IV  E 
IV  E 

346.48 
395. 19 
442,45 
458. 15 
481.91 

x>F|-f»Dt 
»'D|-/KJ» 

a»Di-F'PI 
a*Fi -»«P| 

(0.00)  0.88 
(0.53)0.51,1.10 

(aoo)  0.88 
(0.55)  a52,  1.07 

3,507.00 
3,  493. 97 
84.30 
74.84 
66.46 

4  hi 
2  h 
10  1 
8  1 
l  h 

498.96 

612.58 
601.25 
77a  10 
830.64 

j«PJ— <*Pj 
f»Oh-PDi 
x*Fl-n?<Di 
»«DJ-^iP, 

(aOO)  1.33 

(a04)  1.32 

62.32 
60.  31 
53. 17 

52.18 
51.12 

2  b 
6  1 

60 

40 

3  1 

III  E 
III  E 

874. 13 
890.90 
95a  63 

958.04 
28,967.83 

«»PWFi 
o»D|— x«Fl 

a«Dr-f'P! 
x»Pi-^»Pi 

(a93)  0.37,  0.68,  1.00, 

1.31,  1.63,  1.94 
(0.00)  0.95 

(-,      0.99)  0.84.  a«8, 
1.01,  1.34,  1.67,  2.00 

(aoo)  aos 

32.81 

2T.57 

23.9 

22.44 

20.54 

5 
8 
5 
2 

5  b 

29.122.34 
166.85 
198.1 
210.  67 
226.80 

f«Fj-*»D| 
x«Fl-/>04 

lf'Df-f»Di 

11.76 
3, 407. 00 
3.  31H.  29 
97.  77 
92. 94 

20  hi 
8  hi 
2  h 

40  hi 
4  b 

V  E 

302.01 
342.95 
418. 15 
422.65 
464.54 

X»P»-/»P| 

x«PJ-/«P, 

*>D|-/»Fi 
««P!-ff»Di 

(0.00  w)  1.48 
(0.00)  1.50 

(0.24)  0.85 

(0.06)  1.46 
(aOO)  1.47 

(0.23)  0.83 

90.40 
80.91 

76.33 

4  It 
300 

50 

III  E 
III  E 

486.61 
569.36 

609.49 

/  r»PJ-?»Di 
\  «*PJ-?«Di 
o»D»— x'PI 

a»D»-x>Fl 

(0.00.  0.37)  0.75,  1.11, 

1. 47 
(0.0Q)  0.88 

(0.00,  0.38)  0.76,  1.14, 
1.62 

(aoo)  as7 
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Tablb  4. — The  first  spark  spectrum  of  lanthanum  (La  //) — Continued 


A.„  I.  A. 

Inten- 
sity 
spark 

Temper- 
ature 
class 

w  cm*' 

Term 

oat 

ions 

Observed 

Computed 

74.89 
61.89 

3 
3 

622. 12 
825.87 

*'F*-i'D, 

44.  56 
37.49 
29  07 
28.21 
25.33 

200 
300 

8 

5 
3 

III  E 
HI  E 

890. 73 

29,  954.05 

30,  029.  SI 
055.63 
063.59 

fl*  lii — X*  r  I 

e*D»— x»P| 
r'P]— ff'Di 

*D|-*»D, 

(0.00)  0.53 
(aOOw)  1.12  A« 

(0.00)  0.52 
(aOO)  1.06  A» 

10.62 
06.98 
3,303.11 
3.  298.72 
97,15 

4 
8 

150 
6h 
3 

IV  E 
III  E 

197.16 
230,40 
265.  82 
30fl.09 
32a  52 

r»DJ— f'Di 
a»D,-x»P! 
s*TH-fHh 

(ttOO)  1.77  R 
(1.00)  a61,  1.51 

(aoo)  1.03 

(1.00)  0.52.  1.52 

94.44 
H3.95 

77.  m 

67.31 
86.67 

10 
8h 
4 
3 
600 

III  E 

345.46 
442.39 
499.  23 
597.43 
61X79 

l«Pt-CP: 

x*P«-*»P, 
j»Pt-e'Pi 
a»Dr-x»Pi 

(a«.  0.80)  a82,  1.17, 
LSI,  1.86 

(0.34,  a68)  aso.  1.14. 
1.48,  1.82 

63.98 
.S3  41 

49.36 

45.13 
26.03 

6 

10  b 
80 

150 
2 

III  E 

hie 

628.64 
728. 15 
766.54 

806.55 
30, 9SS.93 

«>D«— J»PI 

a>Dr-z'Fi 
*>DJ-/»Di 

(0.00)  aes 

(0.0O,  0.50)  0.46,  0.'J4, 
1.44 

(aoo)  i.04 

(0.12)  0.61  t 

(aoo.  ass)  a46,  0.99, 

1.52 

(0.00)  1.03 

24.  71 
17.  12 
12.  56 
09. 13 
08.13 

1 

8b 
5 
6 
6 

31,  001.  62 
074.76 
118  86 
162. 12 
161.83 

«'HI— 0»O« 

X'PJ— f»P| 

j»P|-**Pi 
r»Dh-*«D, 

05.75 
3,  204.  55 
3, 194.70 

93.02 

4 

3 
2 
25 

IV  E 

184.96 
198.64 
292.  S3 
309.29 

a»F»— x'PI 
*»D|— «»Pi 
z'DT— ff»Di 
a»D,-x»P| 

(0.00,  0.98)  a  61,  1.58, 
2.54. 

(0.00,  0.96)  a  52,  1.48, 
2. 44 

91.39 

10  b 

325.28 

x»Pr-A»Di 

74.  88 
66.26 
6V  19 
60.56 
57.58 

10  hi 
2 
4 
3 
2 

488. 18 
673.90 
584.67 
630.84 
660.69 

x«Pl-*»D| 
»'D|-e»Pi 
r»I>»— a'Di 

»»PH/»Pi 
i»P!-e»S, 

56.  35 
45.7 
42.76 
32.  14 
3tt  25 

2 

2b 
40 
3 
2 

IV  E 

673.02 

780.3 

809.98 

917.83 

937.10 

f'PI-PDi 
o«D»— z»  PI 

X«P$— <7'P, 

*»PJ-0<D, 

25.  72 
12.63 
08.46 
3. 104.  58 
3,094.76 

4  bl 
8  b 
8 
50 
4b 

IV  E 
IV  E 

31.  983.  39 
32, 117.8.H 
160.97 
201.16 
303.34 

««P|— #»Pi 

X»P1— f«Pi 

o»Fi— x»PI 
o«F»-xiFl 

(0.00  w)  1.50  A* 

(0.00)  1.58  A* 

88.  53 
81.42 
75.  51 
69.  45 
68.98 

4  b 

6b 

4b 

3 

4 

368.49 
443. 18 
505.62 
569.69 
575.09 

x«PT— A'Dj 
*«Df— PFt 
*<FJ—  «Dj? 

x«PJ-MD, 

59.91 
54.02 
49.  39 
45.63 
36.43 

8 
6 

5 
1 
2 

671.23 
734.24 
783.94 
824.41 
923.86 

f'P 
r»D 
t*D 
r»0 
z*D 

-/»P« 
»-r»F» 
-P?i 
— e*Ui 

— f»S, 

35.80 
23.64 
25.88 
22.26 
18.95 

1 
2 

4  ? 
6hl 
6  hi 

32.  930.  69 

33,  008.54 

aw.  05 

078.22 
114.48 
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Table  4.— The  first  spark  spectrum  of  lanihanum  (La  //)— Continued 


X..,  I.  A. 

T  n  tan  . 

inten- 
sity 
spark 

l  cm  per- 

CTn"' 

Term  combi- 

Zeernnn  effects 

ature 
class 

Observed 

Computed 

07.32 
3.004.6H 
2, 0*5.  78 
88.43 
84.33 

5 

5h 
2 
5 
3 

242.54 
271.74 
482.67 
486.27 
4U8.61 

*«D|-/>F» 

r»01-/»Fi 
z*Ff-A'D, 
r»D|— pQ, 

• 

83.44 
76.  S3 
71.48 
66.55 
GO  .  08 

3 
3 
1 
4 
2 

508.61 
583.01 
643.47 
609.38 
704.72 

i»QJ— /»Fi 

IftFl-pOi 
«»Gi-€«Hi 
z»P1-/»P» 

62.00 
50.85 
58.71 
51.46 
50.50 

15 
6 
1 

3 

50 

V  E 

740.80 
775.  65 
788.67 
871.66 
882.68 

r*of— /»Pi 

!*Df— «*P| 

»»PI— i>Dt 

(aoo)  1.04 

(0.00)  1.04 

48.82 
43.56 
3t».  64 
20.80 
25. 15 

1 

6  hi 

3b 
7 

5h 

001.00 

33,  062  57 

34.  007. 86 
121. 37 
170. 31 

f'FI— pFi 
j«D|-/»Oi 
f»Pt— A»Di 
»«D?-/>P» 
fiPJ— A'D» 

• 

23.90 
13.60 
10.05 
2,  903.  53 
2,890.80 

20 
2 
1 

4  hi 
4  hi 

100  02 
311.78 
353.63 
407.07 
475.06 

»»DJ— /*Pi 
f«F!-/>D, 
»'PI-»Dt? 
i«DF-<'Pi 
f'FJ-a'D, 

(tt  00)  1.23? 

(0.00)  1.17 

07.76 
03.  08 
80. 11 
85.13 
83.35 

5  hi 
60 

1 
60 

1 

V  E 

V  E 

400.32 
555. 14 
602.61 
650.35 
671. 74 

F«F1— i*D, 

z'PI— i'Di 
z*Q\—e*\li 
*»P*-ff'Fi 

(a  oo)  i.i2 

(0.00)  1.04 

(a  oo)  1.12 

(0.00)  1.00 

80.65 
76.  55 
74.  28 
73.  20 
67.47 

40 
1 

3 
2 

2h 

V  E 

704.23 
753.60 
781.14 
704.21 
863.74 

z»GS-«»rIi 

«»OJ— «'D| 
r'DI— tf«n» 
fPf-A'D, 

(0.00)  1.18 

(a  oo)  1. 19 

62.  08 
62.  37 
50.76 
35  «J0 
53.72 

IS  hi 
6 
5 

50  hi 
4h 

V  E 
VE 

018.  41 

025.86 
34,057.73 
35.004.07 

031.71 

*«G|-^»F« 
»«Fi-^Fa 

if'Fl— ir»i)i 

f«FI-ff«04 
If'PJ-A'D, 

(0  00)  1  13 

<a  oo)  l.  is 

40.61 
48.  34 
46.67 
43.67 
40.51 

2  b 
6 
5 
4 

25  hi 

083.47 
007.88 
118.  47 
155.51 
104.62 

**Df-/»P, 
y»PJ-««I>, 

38. 45 
32.53 
25  H2 
25.  51 
21.03 

51 

5 

1 

5 

5 

220. 16 
203.77 
377.  57 
381.45 
437.64 

i»Dh-f»F, 
»>F1— »U>i 
f»D|— e'Fi 
F«DJ-4«Di 

10.  73 
18.40 
16.36 
13.72 
13.05 

2 
3 
6 
5 
3 

453.07 
470. 70 
500.00 
620.70 
538. 16 

»»Fh- v*Dt 

r»Fl-pD» 
*»FJ— f*Dt 
r'GJ— jOFi 

m  15 
Os.  30 
07.20 
OS.5S 
2,804.55 

2 

150 
1 
5 
4 

V  E 

JBU  lift 

507. 13 
612.22 

632.78 
645.86 

6>Dt— x'P! 
x»F|— iiDi 

(0.00)  1.04 

(a  oo)  i.o4 

2.708.56 
00.  40 
01.51 

R1.25 

oo.  23 

40  hi 

5 
25 
1 

20 

V  E 

722.15 
740.  75 
812. 37 
044.  47 
057.66 

»»D|— (r»F4 
r'Kl-/iI), 
r»DJ-(r»Fi 

(a  oo)  1.08 

(0.00)  1.04  R 

(0.00)  1.08 

(a  oo)  1.03 

Digitized  by  Google 


An  Analysis  oj  Lanthanum  Spectra  645 


Table  4. — The  first  spark  spectrum  of  lanthanum  (La  //) — Continued 


X.u  I.  A. 

Inten- 
sity 
spark 

Temper- 
ature 
class 

cm-' 

Term  combi- 

Zeeman effects 

nations 

'  Observed 

Computed 

79.78 
78.  76 
73.  86 
67.40 
61. 10 

10 
10 
1 
8 
5 

963.48 

35,  976.  68 

36,  040  23 
124  35 
206.77 

f»I*-*»Pt 
t*Ql— f»F« 
riP|-ff»P, 

6a  61 
59.14 
&8.6JS 
55  57 
52.  84 

3 
3 
3 
1 

10 

214.51 
232.49 
238.93 
279.43 
316. 41 

»«D|— *»Di 
2>HI— e'lli 

48.31 
36  90 
36.41 
32.  40 

27.5 

8 

2 
3 
10 
2 

375  26 
526.90 
533.44 
567.06 
662  8 

»»PT— »»d» 

f>I!i-i*!I« 

»»OJ-f»Fi 
*»P|-A'D, 

26.48 
21  45 
15.  43 

12.51 
09.92 

1 
2 

10  bl 
1 
3 

666.49 

734.25 
815.68 
855  32 
890  54 

r'DM»Pi 
r»pj— k*Di 

z'PT-ftP, 
»»D|-^P, 

06.49 
2,702. 13 
2.  696. 47 
94.21 
9L60 

2 
8 
35 
5 
1 

937.29 

36.  996  88 

37.  088.  29 
106.64 
141.62 

r»Pt— A»Di 
r»QJ— f»Fi 

/«Pf-A»Dj 
f*Dt-ft»Di 

87.75 
81.49 
79.  87 
75 .66 
73.74 

2 
10 
4h 
6 
3 

194.81 
281.64 
804.17 
362.87 
389.70 

l«PI— JMDi 
r»H|— t*Ht 
F»Df-*»Di 
2«DJ-A>L>, 
HP!-/»P« 

72.90 
72.06 
70.  05 
66  54 
66. 18 

30 
2 
2 
3 
6 

401.46 
413.20 
441.37 
490.65 
495.71 

i»FJ-f»Pi 
f»DI— f»P» 

65  62 
64.75 
62  73 
61  66 
61.36 

4 

3 

1  b 

8 

4 

503.59 

515.83 
544.29 
559.38 
563.61 

»'F|-|iDi 

t\Ti-f*Qi 
f'DJ— <>D» 

49.61 
47.  36 
44.70 
42  27 

4a  15 

1 
4 

1 
1 
1 

730.18 
762.25 
800.23 
834.96 
865. 37 

I^Dt-^P! 

r»Fl-/>Fi 

f»Fj-no4 

*ai-/>Gi 
z*Fl-t*Pt 

39.00 
36  66 
31.94 
31.  52 

2a  oi 

5 
1 
8 
4 

7 

881.87 
916.48 
983. 47 
3,  79*  54 
3,8156.42 

x«PW»Pi 

y'Fi  -pv, 
r»FJ— pFi 
j»HJ-«»Hi 

17.29 
16.  32 
13  09 
10.34 
0118 

1 

7  hi 
4 

150 
1 

196.07 
210  23 
257.46 
297.76 
388.35 

r»aj— 9*Qi 

f«H|— «»H. 
«'S«-x«PT 
f»D!-»»D, 

02.87 
01  79 
00.86 
2,  600  33 
2.596.32 

1 
5 
2 
4 
3 

407.66 
423.60 
437.34 
445. 18 
504.55 

HPI— PPi 

t*PWSt 

l«Df-?»F, 

96.08 
92.  87 
86.  35 
82.96 
82.55 

20 

8b 
10 

8 

6 

608.11 
655.78 
652.  97 
703. 70 
709.85 

f«Ql— t*Bt 
f»DI— *»Di 
l»D|-/»P« 
V*V\-9>Ft 

• 

141800—32  5 
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Table  4. — The  first  spark  spectrum  of  lanthanum  (La  n) — Continued 


\     r  a 
A»l»  1.  A. 

Int«n- 
siiy 
spark 

Temper- 
ature 
class 

Term  combi- 

Zee man  effects 

nations 

Observed 

Comr-uteri 

80.82 
77.92 
73.47 

C6.  oo 

61.84 

8  hi 
2 

2b 
10  hi 

201 

735.79 
779.  36 
846.42 
38.958.13 

39,022.75 

nFl-/»G. 
z«P*-i'D» 

r»FJ-/»G« 

{ atffi 

60.37 
68.  90 
68.72 
63.41 
52.60 

50 
3 
2 

3  b 

7 

045.15 
066. 21 
070.33 
161.57 
164.00 

•iFJ— a*Fi 

If«PT-^'S, 

52.36 
46.40 
42.40 
41.60 
38.40 

2 

20  hi 
6 
4 

2 

167.68 
259. 35 
321. 11 
333. 49 
383.07 

r'Pt— f  So 
z'PJ— pPi 
r>P»—  <'T)j 
j«Fi-f'lI« 

36.76 
31.  9M 
33. 14 
31.60 
30.26 

3 
6 
15 
8 
1 

408.53 
436. 21 
464.84 
488.84 
509.76 

*»FJ— em  a 
?>GJ— pGi 
«>Pr-x<PJ 

i»di— nni 

r'Fl— PFi 

27.84 
23. 07 
19.22 
15.79 
14.59 

3 

5  hi 
50 
4 
3 

547.58 
622.  34 

682.89 
736.99 
755.05 

2»Ff— /»F« 
r'FW»F4 
p>FJ— (r'Fi 
r»FJ-/»Fi 
If'FJ— C»P* 

2,501.18 
2,499.69 
95.82 
04.90 
87.59 

16  hi 
1 
2 
1 

40 

969.08 
39. 992. 91 
40, 054.  91 
069.68 
187.  42 

zim— PP* 
f»F}-ff>Fi 

83.00 
79.85 
74.50 
72.44 
71.90 

2hl 
101 

3 
10 
20 

261.  71 
312.  ?5 
400  Of) 
433.  65 
442.  49 

:»)>WPi 
*iH4— ?>F4 
aJPc—x'PI 

71.08 
70.56 
68.11 
68. 16 
55.88 

5 
3 
1 
2 
10 

456.23 
464.58 
504.  58 
668.69 
706.28 

zipf.  -  jjip, 
z>Fr-/JF, 

j'FJ— i>Hj 
»'Fi— f»F» 

54.30 
52.73 
51.69 
45.56 
43. 14 

! 

8 
2 

10  h 
2h 

732.48 
758.  55 
777.50 
878.04 
918.53 

*»F$— *»H4 
2iPI-(?»P. 

ylDJ-PD, 

42.80 

39.08 
38. 42 
38.02 
37. 14 

3 
2 
10 
20 
10 

924.22 
986.63 
40, 997.  82 
41,004.45 
019.26 

r'ln-^Pt 
r'DJ— AUlj 
x'PS-fl'P, 

36. 42 
31.40 
24.53 
21.61 
20. 01 

15 

6h 
2h 
5h 
5  hi 

031.37 
116.  08 

232.  58 
282.  29 
309.58 

?JP|— V'Pt 
i'P|-A>Dj 

17  rtl 

ll.UI 

12.08 
10. 10 
07.79 
04.65 

1  h 

*>  IJ 

2  h 
5  hi 
5  hi 
6 

orn  en 

oOU.  Oi* 

415.  3S 
479.  43 
519.  22 
573.  43 

„1  !>•  _IQ 

«»P5— A«1J, 

S»PI-*>P| 

03.29 
2,401.46 

2, 309. 64 
UK  70 
97.26 

7 

2  h 

20  hi 

3  h 
7  hi 

596  or. 
628. 66 
frfW  22 
f.76.  55 
701.  57 

*>U!-f»F, 
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Table  4. — The  first  spark  spectrum  of  lanthanum  (La  //) — Continued 


X.lr  I.  A. 

Inten- 
sity 
spark 

Temper- 
ature 
class 

i  crm  comro- 
luttluns 

4 

741.  27 

x»Dl— p»Pf 

93.  27 

2  b 

771. 10 

89  84 

8  hi 

831.04 

2 

846.  45 

88  2£ 

2 

893. 80 

84.28 

3  h 

41. 928. 58 

7'..  63 

2  b 

42.081.  24 

x»Pt— fl'S, 

70.47 

2 

172  84 

«J  1>5 —  s/'Pi 

fiy  is 

2 

195.  7» 

65.  50 

3 

261.  4  3 

«*Dj— (r»Pi 

.Vi.  f  rj 

3  h 

39.Y  4> 

56. 10 

1  h 

430.  02 

55.81 

5  b 

435.  24 

53.  40 

2 

47S  70 

53  (13 

1 

485  4S 

r'FT— f»F< 

.11  93 

1 

505.24 

48.  86 

2 

5W>.  79 

r'H— fl'Fi 

41.85 

4 

688.  18 

If'KJ — fc'Dj 

25.  75 

20  hi 

42,  928  20 

22.  78 

3b 

43,  03*  62 

19.  44 

20 

100  59 

uM.V-  r'PI 

17.82 

20  hi 

130.  71 

««nj—  <>  Dj 

2,311.45 

1 

249  56 

2,  293. 47 

2  b 

.W  .W 

92.32 

3 

610  15 

SO  94 

4  b 

828  01 

76  Ofi 

1  b 

43.921  «7 

65.  53 

3 

44.  12r.  90 

?' Fj— ft'Pj 

56  77 

50 

1**7.  36 

a1 1>:— z'l>I 

30  74 

7 

1  44,  SU,  20 

07.08 

1 

45.  294.  56 

f»F}  /'Pi 

2,202.72 

1 

383.  3* 

2,  195. 91 

4 

524.94 

x'FJ-A'Dj 

9a  67 

1 

K33.  h2 

ri|>5  -AU)j 

87.  87 

40 

45.  692  22 

a>F|-x>Pj 

A3  W 

20  hi 

46,203.  12 

61.36 

4 

252  y< 

x'Fl-f'Dj 

42  81 

20  bl 

46,  542  94 

Zeemnn  effects 


Observed 


Computed 


IV.  THE  SPECTRUM  OF  NEUTRAL  LANTHANUM  (La  i) 

As  in  Sc  and  Y,  the  normal  state  of  the  neutral  La  atom  is  repre- 
sented by  a  doublet-D  term  associated  with  the  electron  configura- 
tion ds2.  In  each  case,  the  next  lowest  energy  is  represented  by  a 
quartet-F  term  arising  from  d2s,  but  in  La  it  is  only  about  one-third 
as  high  as  in  Sc  or  Y.  The  remaining  metastable  low  terms  also  come 
from  d?s,  and  are  exactly  analogous  to  those  in  Sc  and  Y.  The  2G 
is  narrow  and  inverted  in  all  three  spectra,  and  the  predicted  2S  has 
been  found  in  none.  The  odd  levels  are  very  numerous,  and  it  is 
difficult  to  group  them  into  terms.  Indeed,  parts  of  the  tangle  could 
not  have  been  unraveled  without  the  clues  obtained  from  the  new 
measurements  of  Zecman  effects. 

The  triads  of  quartet  terms  obtained  by  the  addition  of  a  Qp  electron 
to  the  3D,  3F,  and  3P  terms  of  La  n  can  be  securely  identified.  They 
all  lie  lower  than  the  corresponding  terms  of  Y  i.  Three  additional 
odd  quartet  terms,  **F°,  y*G°,  and  wAD°,  at  higher  levels  can  come 
only  from  the  addition  of  a  4/  electron  to  the  same  limits.  The 
doublet  terms  arising  from  the  addition  of  a  6/>  electron  to  the  various 
limits  have  also  been  certainly  or  probably  identified  by  the  intensi- 
ties of  their  combinations  and  comparison  of  their  levels  with  Y  I. 
A  number  of  supernumerary  doublet  terms  must  also  arise  from  the 
4/  electron,  which  in  this  case  is  less  firmly  bound  than  the  6p. 
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Many  of  the  numbered  odd  levels  which  have  not  been  grouped  into 
terms  are  probably  of  similar  origin.  The  high  terms,  10°  to  15°, 
probably  arise  from  electrons  of  higher  total  quantum  number. 

The  high  even  terms  give  much  less  conspicuous  combinations  in 
La  i  than  in  Sc  i  or  Y  i,  and  only  a  few  of  them  have  been  found — 
but  enough  to  give  the  ionization  potential.  The  unassigned  even 
levels  have  been  numbered  from  30  onward.  If  the  strong  bands  of 
LaO  in  the  yellow  and  red  could  be  eliminated  more  such  terms  could 
probably  be  identified,  and  some  fairly  strong  high  temperature  arc 
lines  classified. 

Table  5  gives  the  terms  of  the  La  i  spectrum  in  the  same  general 
form  as  Table  3  does  for  La  ii.  The  configuration  from  whicn  each 
term  is  believed  to  arise  is  given  opposite  its  lowest  component.  For 
the  odd  terms,  the  probable  parent  terms  in  La  n  are  indicated. 


Table  5. — Relative  terms  in  the  La  I  spectrum 


Kler- 
tron 
config- 
uration 

Level 

Term 

Level 

separa- 
tion 

Adapted 
we.iKht 

l,anae 

Combinations 

a»D34 

0  00 
1.053.20 

1, 053.  20 

0  .90 

1  203 

6 
14 

0.  800 
1.200 

(z*Fc.  z*D°,  z'D°.  i«F°.  ?»P°,  p«F°.  r»P°. 
z*G°,  u»l>°,  y«P°,  y«F°.  *>FC,  z>G°,  y«n°. 
3°.  r«l)°,  u>F\  p«F°,  z«S°.  j'1>°,  r*F*. 
jjp°,  «*p°(  viCt°,  w»P*.  u»F°.  r>F°,  tr»l)°, 
r'I>°.  xr*V\  6°.  7°,  S°,  *'F°.  9s1,  r*F°. 
U'l)°.  f3PD,  10°,  11°. 

a' Km 
a'Fjit 

0*  r  Jt» 

a«Fnt 

2.  WW.  20 
3.010  01 

4.  121  61 

341.  HI 
484.  57 
627.  03 

.  411 
1.  032 
1.222 
1  327 

20 
11 

10 
8 

.400 
1.029 
1.23M 
1.333 

fr«Fc.  2«D°.  I'D0.  r«F0.  rtp°.  y«F°.  r'P". 
r<G°.  y«n°.  yiP°.  p«F°,  x>F0,  »'G°,  tr«l>°. 
7°.  2°.  3°  u'F°.  xM)°,  4'  t»F«  2«S», 
iiD°.  r<F<\  z>P°,  v*!",  *«0°,  p>G°,  12°, 
13°.  14°,  15°. 

d's 

o'Fit 
a«Pm 

7.231.30 
7.  490  46 
7,  079.  94 

259.  10 
189.  48 

2,706 

1.69 

1.54 

10 
6 
4 

2.  667 
1  733 
I.  600 

|?«P3.  y!F°.  r«G°.  (f'D0.  r»F°.  z»S°,  r»n°. 
^    3°.  4D.  if  »FD.  ?<S°.  r«D°,  i*F°,  V*P",  X*P°, 
I    u'I>°,  r^F",  tr*D°,  r'D°,  6°,  7°,  8°,  »>FC,  9°. 

fl'F.H 

7.  Oil  00 
8,052.  15 

1,040.25 

90 
1.  13 

I* 

• 

.  857 
1.  143 

p«F°,  ?«0°,  *«P°.  u»D°,  ?<F°.  x«F°,  r»G°. 
ir«I>°.  1°.  2°,  h-'F*  r*F°.  i^V9 ,  T*F° ,  X*!)" . 
r>F°.  ir«P°,  y<G°,  p»G°.  u>P°,  «>F°,  PF°. 
k»1>°,  r'D°,  «••!)«,  7°,  a»F°,  r«F°,  «'D°. 
10°,  11°. 

t>»I>i* 

S,  446.  03 
9.  183.  77 

737.  74 

.89 
1.29 

3 

.  H00 
1.200 

7<GC,  z«P°,  yiD°,  jr'P0,  y'F°,  r«S°,  i^D,1 
4°,  r>F°,  r«S°,  r'D0,  j'F".  r»P°,  t«P°, 
tr»P°.  u>F°,  5°.  «  »1>°.  r'F°,  c«D°,  tt«D0. 
8°,  «'F°,  9°,  r>F°,  u'l)4. 

dU 

a'P.* 

9,  044.  21 
9,  719.  44 

675.23 

.67 
1.32 

.667 
1.333 

|y'DD.  iriP°,  tr«FD,  z«F°.        J^I)0.  tr'F',  4°, 
r«K°.  j>DS,  i«F°,  z'P*   ^P°.  to»P°,  5°, 
1   U.'D°.  u-ir.tU)4,  rU>c. 

dU 

a'Gtit 
a'0,H 

0,010.94 
9.  900.96 

-41.02 

1.  12 
.91 

1 
1 

1.  Ill 

.  SS9 

[ir'F0.  xJF°.  z>Gc.  vs^°.            ^n*.  i«F». 

u»F°,  ^O8,  tr'D0.  f«F°,  ««F°,  »°, 

a'D.p 

z'Y'h 
r«F5n 

2<o  :u; 

13.W1.0K 
15.019.55 
1ft.  243.2:. 

370  72 
1.3KH.  47 
1,223.  70 

1.  OS 
1.  21 

1.  029 
1.  238 

Ja'IJ,a«F,  31,32,  35.  e«F,  <«D. 

«>n.P 

/•r»jH 

14,095  70 

14.  70R.  w> 

15,  Sffi.f.7 

ifi.ow.  2* 

613  26 
791.  71 

59fl.fi 1 

'i'l\o«F,:>l,32.:«f34,  f'F,  f»D. 

o'P.p 

I4.S04.  10 

ia.mi.fis 

-227.55 

i.rw 

.9? 

].  200 

.*■ 

}flJ]),o«F,3!.f»F. 

a'D.p 

JJF}H 
/3F!,< 

15,  19*  SO 
!  ft,  5J>8.  4  1 

i,:ui.  m 

.90 
•  1.19 

.  S57 
1.  143 

}a>D,  a'F,  <"D,  ?»F. 

D'S  p 

5K2 

15.219.  90 
1  ir,2SJ.20 

! 

joH).  a*F. 
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Table  5. — Relative  terms  in  the  La  i  spectrum — Continued 


Elec- 
tron 

ur:Uir.ii 

1 

LpvcI 

0 

Term 

Level 

'  tioit 

A<lnpl«t 
weight 

Combinations 

0'  Lf  .p 

r'Fix 

If*,  rvV>.  n- 

17,910.  18  i 

j  1,053.  36 

l.us 

r,    {•  r~ 

1.  143 

jfl*l>,a«F,«>F,  a«P. 

aiL>  p 

rr  h 

!  *"    K 1*  ~*    / 1*  . 

I7.7W7.30  j 
IS.  157.  00 

1  220.74 
j    35S.  70 

1.  20 

i 

1. 100 

ja>D,  a4F,  a'F,  a*P,  fr^D. 

o'Fp 

17.  047.  11 

in.  cjub.  us 

10.  1 211  34 
2n.  117.  40 

1    f.VV  7y 
}  52.'...% 
|    9SS.  or. 

11.07 
ll.  0> 
U.  15 
U.  27 

.  57 1 

.0*4  ' 
l  1 72 
1.273 

ja'D,  a«F,  a'F.  a»P,  6»D,  r'F,  35. 

a  D  p 

!»,  172  39 
19,  371/.  44 

]l,  207.  05 

f  .Ki 

1 1.  iy 

son 

l  200 

ja'P,  a'F,  a'F,  a4P,  VT),  o'P.  <4F. 

a-O  p 

PP5 

20.  01 9.  00 
SO,  i'J7.  3H 

J-rs.  38 

jl  .05 

i  .(» 

l.  333 
.067 

Ja'D,  o<F,  WD,  o>P.  «4F. 

a'F.p 

jr«F:S 
jr*F!ii 

20.0S3  02 
20.  3:«.  30 
20.  7*3.  .H 
2:,M«i 

25.5  2S 
\    425. 01 
f.20.  75 

f  .  7S 
J 1  01 
11.  !H 
|l.2H 

.400 
I.  029 
1.23S 
J  333 

Ja'D,  a«F,  o>F,  a»Pt  fe»D,  aHJ,  f«F,  e'F. 

j'Fp 

7'r  i.lj 

21).  472.  22 
21, 1**1.  h\ 

}  f.90.39 

.1  .00 

it  in 

1 1.  13 

.  S57 
l  1 43 

[a»D,  a*F,  a'F,  o<P,  a'P,  a'O,  *»F. 

o'Fp 

21.  417.  1.2 
22.2>.i.  «v> 

]    8.37  &C1 

fl.  W 
11.13 

.  RS0 
I.  Ill 

]<j»D,  a'F,  a'F,  a'O.  «'F. 

«!F.p 

V4D% 
y'D|« 

■  1 

22.241  04 
22.  4.19  :<7 
22,  s04.  2*. 
2*.  3'H  31 
2<,  221.  lfl 
'ii,  4'/!  S5 

|  102.73 
>    3'«.  S9 
41*.  05 

f  .03 
1.  21 
11.35 

(l.  22 

i  1 1 
1.  1 1 

1.  12 

.000 
l,  200 
I.  371 
1.420 

l.  Ill 

Ja'D,  a'F,  a'F. 

u*  r  r  (ld  r  . 
a4F,  a'F,  a'O. 

h 

is.  J*'/  yu 
2.1.  540.  42 
24,  17^.  m 

.72 

i.  'MJ 

a'F.  a'P. 

a»F,  a'P,  WD,  a'P. 

c'l'.p 

X«UJ4 

23,  528.  33 
21,  701.  70 

24.  040.  or, 
2.5,  0S3.  42 

170.  3$ 
■  341.30 
I,  037.  30 

f  .00 

1.  15 

1.22 

1    A  1 

1.  41 

.oon 

1.2TX) 
1.371 

t  .Oil 

I.  420 

U'D,  ^'F,  :i'F,  a'P,  6'D,  a'P. 
J 

a»D./ 

23,  87*.  00 

24,  400.  70 

}    534.  70 

r  .04 

11.  17 

.8.57 
l  1 43 

Ja'D,  a'F,  a-F,  a'P,  a'P,  aHJ. 

i-j  *    r/i"   r  ,'-i 

24.  ,VJj.  hi* 

25,  37K.  46 

|    *70. 57 

U,  13 

I.  143 

Ja'D,  a'F,  a'F,  a'P.  b'D,  a'P. 

a»Fp 

*  •  IH 

r'Di* 

24,  Ml'.  2. 
24,  7C2.  12 
2\  218.  25 

1 

I   455.  <y 

i  r  £i 
KS 
ll.  2.5 

2.  01  H> 
.SOO 
1.200 

fi]T1   n«V   ^t;*  MTl 
jfl'D,  a'F,  a'F.  a'P,  6'D. 

a'F./ 

x'FTn 
X*  r  jh 

.T'F;* 

24.  910  39 

24,  VM.  .ii 

2.',  3SO  .13 

25.  997.  27 

|      73  94 

\    306, 00 
j    Ml,  tf| 

f  .73 

1 1  ii 

M.ll 

1.2? 
1 1.31 

.400 

1  /YXi 

1.  \J£4 

I.  23S 

1  -  3  i3 

1 

a'D,  a'F.  a'F,  a'O. 

0'<  J  .p 

^  *  *  4H 

«»HiM 

2,1,  IJVJ.  .V) 

25,  ^74.  i> 

1 

}  ^'^ 

.  at 

i 

.  WJ 

ja'F,  aKK 

a'D.p 

r'P°n 
x'PIh 

31 

25.  4.V<.  92 
21,  950. 
2S,  JW.  49 
2.5,  881.  53 

}    4'.»-  47 

1  .02 
li.41 

.017 

1.  333 

ja'D.  a'F.  a'P,  5'D,  a'P. 

7'D*.  z«F°,  r«D°. 
z'D°f  r'D3,  c«FD. 

a'P.p 

f/'P** 

2',  i ; i  w 

25,  iV43.  02 

21,  3:«.  oo 

]      2T,.  1 2 
[  605.86 

1 2  20 

;.  fi 

tl.54 

2  Cf~ 
1.  7« 
1.  «a» 

ja'D,  a'F,  a'F.  a'P,  fe'D,  a'P. 

a'F./ 

If4' 

ir4'i;4 

27. 022.  10 

27.  455  31 
2s  oyi  l.i 
*>,  713.21 

432  74 

>    f.33.  M 
654.  n.; 

1 ".. 

ll.  I'- 
ll. 2-- 

.  ,r~] 

.  I'M 

1.  172 
I  273 

ja'D.  a'F.  ff'F.  a  =  <J. 
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Table  5. — Relative  terms  in  the  La  i  tpeclrum — Continued 


Elec- 
tron 
config- 
uration 

Level 

'J 

Terra 

Level 

separa- 
tion 

Adapted 
weight 

Land6 

Combinations 

aiQ.p 

27, 132. 50 

487.19 

a  05 

1. 12 

0.889 
1.111 

}o«F,  e»F,  a»Q. 

6'D.p 
6«D.p 

WPfH 
WFIh 

27,225.27 
27, 393. 00 
28,039.54 

640.54 

1.34 
.90 
1. 13 

1.333 
.857 
1. 143 

a»D.  c»F,  6>D,  o»P. 
}a»D,  a»F,  a'O. 

/ 

t'Fin 
5ln 

27.069.3S 
28.  543. 10 
27,749.06 

873.72 

.88 
1.00 

.857 
1.143 

}a»D,  a*F.  a»Q. 
6»D,  o»P. 

6«D.p 

27, 968.  53 
28,506.39 

537.86 

.01 

.800 

Ja»D,  a*F,  e«P,  6»D,  a»P. 

o»P./ 

28, 893. 47 

OO    I  rwi  r.'i 

Cd,  XlJv.  oo 

29.602.  17 
29,894.91 

306  06 
302.64 
392. 74 

0.00 
1. 15 

1.29 

0.000 
1.200 

1.429 

oJD,  a»F,  o«P,  6»D. 

/ 

33 
7lH 

81k 
34(?) 

28,071.82 

OO  771*  H7 

29, 461. 33 
2y.M4.92 
20.936.73 

30, 417. 47 
29,694.81 

803.75 

.94 
1. 13 

1.54 
1.54 

.800 
1.200 

}a«D,  o«F.  a'P,  6»D,  a»P. 
r>D». 

a»D,  o'P,  6«D,  o'P. 
a«D,  a»F,  a<P. 

o'Di  o«Pi  6»D. 
i'D°. 

e*Fix 

29, 874. 89 

i>U,  J. 

31. 05y.  69 
31.923.90 

479. 43 
705  37 
864.21 

i«F°,  r«D°,  y*F°,  r*Q°. 

*»F1« 

ai. 
Viii 

30, 78S.  40 
30. 964  82 

•>U,  JVJti. 

176.42 

1. 18 
1.45 

1.143 

lo«D.  o«P,  o»F,  6»D,  c«G. 
'a»D,  o'P,  6>D.  e'Q. 

o»r.# 

e*FtH 

.ir.„ 
•''IK 

31, 119.08 

i*>  i  nu  <tc 
ox,  lUo.  oa 

989.50 

jz'D0.  r»F°,  v*F°,  *»a°. 

a»D.« 

31.287.65 

z«F°,  r«D°,  «*F°. 

/ 

r»F!H 
r«FiM 

31. 477. 16 
32,140.60 

.88 
1. 18 

.857 
1. 143 

}a»D,  o'F,  &>D,  0»O. 

a»P.p 

31. 751. 68 
32.  492. 80 

741. 12 

.82 
1.  17 

.800 
1.200 

}a>D,  o»F,  6>D,  o'P. 

a»P.p 

P»P°K 
tPFiH 

32,290.25 
204.  20 

913. 95 

1.26 

1.333 

Ja'D,  6»D,  a«P. 

oiQ./ 

t»n\H 

35 
10° 
11° 
12°(?) 
13° 
14° 
15° 

32, 410.  76 
32, 518.  12 
33. 286.  50 
36,722.38 
37, 731. 90 

39.  597.  58 
39,631.27 

40.  322.  45 
40, 343.  40 

107. 3C 

.93 
1.11 

.909 
1.091 

ja'O. 

z*F°,  z>F°,  y»F°,  r*Q°. 

a»D,  o'F. 

a»D,  o'F. 

a«F. 

a'F. 

o'F. 

a<F. 

The  spectral  terms  and  combinations  for  La  i  are  represented 
diagrammatically  in  Figure  2,  which  may  be  compared  with  corre- 
sponding diagrams  for  Sc  i  and  Y  i  spectra  in  publications  already 
referred  to.M 

Complete  details  of  lines  regarded  as  characteristic  of  neutral 
lanthanum  atoms  are  given  in  Table  6,  the  arrangement  and  notation 
being  the  same  as  that  in  Table  4.  Hero  again  the  Zeeman  patterns 
computed  from  the  adopted  g  values  are  almost  always  m  good 
agreement  with  observation. 

u  See  footnotes  2  and  3,  p.  625. 
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Tablb  6. — The  arc  spectrum  of  lanthanum  {La  /) 


X  air  I.  A. 

Intensities,  tem- 
perature class 

r  T4«  cm-1 

Term  combi- 
nation 

Zee  man  effects 

D.  8. 

K.&C. 

Observed 

Computed 

10,  952  0 
10,  739.  m 
10,812.  56 
10,  552  41 
10, 522.09 

1 
6 

10 
6 

10 

n   1 00  ftp 

9, 128.  25 
9,  308  73 
0,420  21 
0,473.01 
0,501.21 

a*FM— T«DIm 

10,  483.  0 
61.09 
50  82 
23.  4 

10,409  55 

2 
15 
20 
1 
3 

56.  07 
66.01 
0.501.2 
9,603.03 

1  ft  *>*rft  J 

10,  372.  4 
57.  70 
49.08 
37.20 
82.40 

1 
20 
40 
3 
2 

38.  4 

52.  01 
60  05 
71.15 
75.64 

Z*F\it— 32 
a'Pm-*«DlH 

• 

M).  6 
10,3ia  2 
10,  294.  68 
85.04 
81.34 

1 
2 

10  d 
3 
10 

77.  6 
9,  689.  0 
0,711.09 
21.52 
23.69 

"»S  no 

(8. 

74.85 
34.78 
23.  76 
19.83 

3 
10 
2 
1 

3 

JO.  Si 
29.84 
67.93 
78.  46 
82.22 

o,i>o4— rr>ui 

*Dfe,-32 

10  209  85 
10, 184.  60 

54.74 
43.38 

2 
20 

0  b 
40 

2 

9,  791. 78 
0,816.06 
22.67 
44.  92 
55.  95 

*»0!h  -«»Pm 

41.  20 
30.82 
10,111.0 
10,083.96 

88.77 

10 
5 

2  h 

2 

6 

58.  06 
68.  17 
9.888.6 
9,914.03 
30. 05 

—   •   %  ^                               _     A         I  * 

58.  79 
54.82 
29.  74 
14.45 
10,005.73 

2 
2 
2 
4 
50 

34.  84 
42  76 

67.  62 
82  84 
9,  991. 54 

■ 

v,  wsls.  4* 

81.24 
80.38 
66.70 
32.72 

10 
6 

10 
3 
2 

10,  UU8.  80 
016.05 
016.01 
031.67 
064.98 

V4F|m-^Fim 
t*Dht~ 31 

20.  82 
0,011.08 
9,881.24 

ez  flo 
52.58 

150 
3 

100 
3 
6 

077.08 
085.95 
117.42 
136.54 
146.85 

«*PiM— »*Pm 
a«Ptx-r<PTH 
x»F|>i— <»Fih 

48.  70 
42.0 

33.  30 

05.  2 
9,804.20 

4 

2 

3b 
1  b 
2 

160.  84 

157.8 

166.74 

195.9 

196.92 

0,775.00 
72.24 

68.82 
37.09 
13.62 

8 

20 
8b 
100 
3 

227.28 
230.  26 
233  85 
267.20 
292.11 

^Pjh-VFIm 
a«PtM-««OlH 

00.46 
9,  706,  48 
9,  699.64 

08.7 
02,8 

10 
20 
20 
1 
2 

296. 42 
299. 57 
306,84 
310  0 
314.3 

o«PiM-if»I'!v4 
o*PiH-r«PlM 
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Tabls  6. — The  are  spectrum  of  lanthanum  (La  /) — (Continued 


Intensities,  tenj- 

r  tm  cm-1 

Term  oombl- 

ZeemftD  eflects 

B.  8. 

K.  &  C. 

Observed 

Computed 

72.04 
46  47 
40  81 
33.  72 
9.  63L84 

8 
3 
30 
40 
2 

336.25 
363.  65 
369.73 
877.36 
379.38 

a*?n— z*Plu 

8,670  38 
60.69 
42.06 
41.23 

9,  528  0 

8 
10 
60 
20 

lb 

446.04 
466.63 

477  05 
477.96 
492.6 

x'FIh — e'Fju 
«*PiK— t*oiH 

a'PtM-f'Dft 

9,  488. 16 
84.2 
70  98 
74.  45 

67.26 

15 

1 

a 

49 

6 
2 

CIA  fit 

539.  91 

541.0 

548.99 

561.81 

669.84 

r«FlH-81 

61.82 
57  62 
41.7 
38.30 
16.64 

60 

2 
j 

100 
3 

566.89 
67a  59 
588.4 
592.  23 
617. 71 

««P  h— *PIk 
a*ViH—  t*F\H 

9,412.66 
9.398.2 
90.  56 
77.71 
76,10 

100 

1 
1 

4 

3 
3 

621.08 
637.4 
646.07 
660.66 
662.  49 

r»01H-f»F,w 

72.67 
2H.S7 
24.5 
9.32L9 
9.293.8 

30 

& 

l 

lb 
2b 

664  51 

716.47 
721.6 
724.6 
757.8 

v'FIh-<*Fih 
f<F]M-f>FM 

87.5 
54.  70 
50  06 
26.63 
9.219.64 

lb 

in 

10 
20 
30 
10 

764.2 

802.36 

807.78 

836,22 

843.44 

r*D|K-31 
a>OiH-f<FlH 

WniK-fPTK 
atO«K-r«FlH 

9,172.88 
72.  39 
57  13 
51.62 
43.78 

6 

10 

10 
6 
5 

898.71 
899.30 
917.46 
924.03 
933.40 

6*  Dm— f'FIm 

42  24 

19  18 

9, 109.  25 
9,  079.  10 
68.63 

6 

20 
2 

60 
2 

935,24 
962.89 
10,  974.  84 
11,011.29 
036.17 

a«FiH-z*F|« 

o»PM-|r»r!H 

56  53 
46  97 

26.06 
9,  008.26 
8,977.39 

6 

■ 

4 
6 

2 

038.73 
050.  39 
077.23 
097.88 
136.04 

■'Ph-TFIm 

o»Fw-i*OIm 
z»F|M-e»FiH 

7tt  07 
65.41 
63.63 
57.  74 
48  89 

8 
2 
10 
60 
2 

146. 13 
15a  92 
163. 13 
160.47 
171.50 

o»F»h-z<P1h 
aipM_yiP5H 

47.95 
8,917.70 
8,891  06 
84.24 
79.66 

1 

lb 
l 
2 
3 

172.68 
210.58 
244.17 
252.80 
268.73 

a»P,M-*'FlH 

76.06 
71.00 
67.35 
39.64 
25.86 

2 
4 

3 
20 
60 

264.45 
269.60 
274.24 
309.67 
327.23 
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Table  6. — The  arc  spectrum  of  lanthanum  (La  i) — Continued 


X  .ul.  A. 

Intensities,  tem- 
perature class 

cm-1 

Term  combi- 

Zct?m£in o fleets 

B.  8. 

K.  AC. 

nation 

Observed 

Computed 

31.08 
8,818.96 
8,797.6 
72.02 
67.93 

1  h 
20 

2  b 
1 

4 

332.82 

336.10 

363.6 

396.76 

402.07 

60.4 
48.42 
24. 12 
20.42 
8,703.13 

1 

50 
1 

20 
6 

411.9 
427.50 
459.33 
484. 19 
48a  97 

c«FiM-r«DJM 

o»04H— I^PJm 
o»Om— z'QIvf 

8,674.40 
72.10 
38.4 
24.22 

8,621.64 

60 
30 
10 
6 
2 

525.01 

528,07 

573.0 

592.07 

595.66 

a«am-*»G!K 

8,5{«.  97 
68.9 
45.  44 
43.  46 
29.68 

6 
1 
50 
20 
8 

638.94 
680  5 
698.94 
701.85 
720.55 

WD.x-fFlH 
eKhH-ztFIn 

13.66 
8,  607.  37 
8, 470.  48 

67.62 
8, 44a  06 

15 
10 
30 
15 
8 

742.76 
751.29 
794.12 
806.45 
845.  01 

ffl«Fm-r»D?n 
z*OlH-e*¥tH 

8,379.80 
68.50 
48.60 
34.44 

24.72 

30 

2  b 
100 

3 
100 

12,  m 
15,  III 

930. 18 
960.59 
977.84 
11.995.  11 
12, 009. 12 

^OJk-^FIh 
«4F«x — z*D}tt 
a«F,H-««DJM 

24.59 
16.05 
8.302..S2 
8,  247.  46 
37.90 

HNR 
10 
4 
60 

3 

1.  Ill  A 

2.  IV  A 

10.  Ill 

009.30 
021.84 
040  80 
121.62 
135.68 

a*FtH— z*Fin 
o*Ftv( — z'DIn 
«4Fim— **DTk 
o«F4K— r'FJs 
a«F,K-*iDiH 

11.65 
8,  203.  38 

8,ase.  10 

84.53 
61.38 

2 
3 

20+ M 
3 
10 

15.  Ill 
10,  III 

174.48 

188.  75 
363.  50 
365.92 
4ia  82 

o«Fjh— i»F|i< 
a'FiK— ?>I>in 

a'F<n— ?»F1m 

8.001.91 
7. 964.86 
48  30 
7. 931.18 
7,864.98 

4 

6 

HNR 
1 
1 

4.  Ill  A 
6.  Ill 
10,  III 

493.58 
551.70 
577.85 
605.00 
711. 10 

o'Fjk— r»D|i< 
o«FiH— «>PSH 
a'lhH— z*FlH 
a*FlH~z*Din 
a*FtH-t*Fl>4 

7,841.76 
7, 737. 74 
7,604.38 
7,  539.  24 
33.64 

3 

1  h 
4 

10 
2 

Till 
15.  II 

748. 74 
12, 920  12 
13, 043. 78 
260  29 
270. 14 

a*FiM — x^Ffo 
a»FjK— x*Fin 

a»!),w-z«F!H 
a'Fm— r»Pm 

7, 601. 78 
7.  498. 82 
7.  46.1  OS 
7,382.73 
79.71 

1 

2 
5 
6 

5,  III  A 
10.  Ill 

5.  Ill  A 
10,  III  A 

328  50 
331  76 
395.61 
541.40 
540.  91 

a'FjH-y«FJ^ 

a' Fin— y*FIi< 
a'Fivf— z>Oj^ 

45.  36 
44.42 

34. 18 

20.  yo 

7,308.48 

25 
ITNR 
50 
2 

2  h 

20,  III  A 
2.  Ill  A 
60.11 

610.  30 
612.03 
631  04 
655.77 
679. 01 

a'Fjn— it*FlH 
fl'Fm— zJPiv< 
a»Dm— z*Fl* 
a>l>m— z*\VtH 

(0.42)  1.18? 
(0.00W)  1.30  w 

(0.39)  L06 
(0.00)1.30  ! 

7,285.83 
70.  30 
70.  07 
63.58 
62.83 

1 

HNR 
HNR 

2 

2 

5,  II  A 
10.  Ill 

721.50 
750.81 
751.  24 
763.34 
764.  95 

a*Dm— tfDIa 
a»Fm-f«FlM 
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Table  6. — The  arc  spectrum  of  lanthanum  (La  /) — Continued 


X      I.  A. 

Intensities,  tem- 
perature class 

rT»«  tm-i 

Term  corabl- 
nation 

Zeeman  effects 

B.  6. 

K.4C. 

Observed 

Computed 

50.38 
l'J.  92 
7, 217. 16 
7,  ML  25 
58.11 

1 

15 
2 

40 
30 

15,  II  A 

50,  III 
50,  III  A 

788.59 
846.  76 
852.06 
960.20 
986.32 

a*FtH— it-FJh 
«*Fm— if-liH 

n'FiH — x'Frx 
c-Dw-r-Fl* 

(0.00)  0.91 
(0.00)  1.27 

(0.00)  0.90 
(0.00)  1.22 

51.92 
7, 149  76 
7,  0"j8. 18 
92.40 
78.38 

HNR 
2 
2 

HNR 
3 

1,111  A 

2,  HI 

2,1  A 

3.  Ill 

978  42 
13,9*2.63 
14.  084.  24 
095.72 
127.67 

««D2h— z»PJh 
a«T)iM-r«D!M 

88.37 

82.4 

45.98 

32.07 
23.67 

60 
lb 
200 

25 
150 

100,11 

300,  II 

15,  III 
150,  HI 

143.64 

155.6 
188.  62 

216.65 

233.66 

a'PtH-s'F!* 

o'Pim-ip'FIh 

a«FiH-|r-F»JH 

a'PH  -*tssaH 
e'FiH— i'GJx 

(0. 69)? 

(0.21,  0.65)  1.04,  1.47 

(0.  60)  1. 27 
(0. 00)  1. 16 

(a  66)  1.05 

(0.21.  a 62)  a  20,  0.63 

1.04,  L46 
(a  60)  1. 27 

(a oo)  Lie 

7,013. 15 
6,  9<K\  09 

78  87 

25.27 

2 
2 
2 
50 
80 

3,  HI 
50,  III 
100,  HI 

255.00 

326.  62 
329.  13 
415  58 
435.90 

r-OJ«-f<FtH 

a'fJH— X-Dix 
a-Fm-»»FJH 

(0.  48)  1. 14 
(0.00W)  1.58  A» 

(0. 41)  1. 15 
(tt  00)  1.53  A* 

18.33 
17.26 
03.08 

6,889.63 

8 
10 
2 
3 

2b 

8.  Ill  A 
10,  III  A 

1,  III  A 

1,  III 
tr.V 

450.38 
452  61 
482.  JO 
484.40 
489.54 

o«Fn,— Z'<!J^ 
o'F,t.--2'(i;«, 

oHnH-tt'Fiw 

OK  41 

tr,  V 

492.  10 

23.80 
21.51 
19.14 
8,816.29 

40 
6d 
1 

15,  II  A 
3n,  V 

In,  V7 

650.56 
655.47 
660.57 
666.70 

a-FiM-J'FJn 

(0.  00)  1.15 

(0.00)  1.12 

6,  798.  73 
83  55 
78. 19 
76.69 
6tt  73 

4 

1 

1 

HNR 

4,  II  A 
tr,  IV  A 
tr,  V 
1,  III  A 
1,  III  A 

708.90 
737.  48 
74!*  14 
752  40 
787.23 

o-DIh-i-DIh 

r-F]H-r«I>aM 

m.  23 
53.05 
48  12 
41.20 
37.29 

1 
40 

10 
2 
1 

50  I  A 
loj  II  A 

7SS  32 
f04  04 

614.  >6 
830  07 
838  67 

o'Fm-fipJH 
a-HjS— «'T>iH 
6-PiM— i'-^x 

(0.00  w)  1.51  A* 

(0.00)  1.51  A* 

15.96 
6, 709. 49 
6,  86 

99.26 
92.86 

3 
2 
20 

l.IVA? 

ArJ,  1 

4,  III  A 

2,  III? 
30.  I  A 

R85.  SO 
900.  16 
921  57 
922.  91 
14.937.  IK 

r-Ptii— 34 
a«Fin--fr»F!H 

«<F,H-z-(Ji.H 

(0  00)  1  18 
(0.00)  1.06 

(0.00)  1.14 
(0.09)  1.05 

64.45 
61.40 
68.06 
SO.  hi 
45.15 

1 
60 

1 
80 

7 

80,  I  A 

100.  I  A 
8.  IV 

15. 000  85 

(JOT  72 
015.  25 
031.  1,2 
044  42 

c«F.v4-z«n;4 

a-I's-rj-TV^ 
r-FJv  f'I'js 

(0.C5)  1.23  B7 
(O.00w)O.8S 

(0.66)  1.24 
(0. 25)  0. 88 

44.40 

31.20 
284 
KiM 
1148 

30 

3 
1 

60 
3 

40,  I  A 

3,  V  ? 

l.IVA 
80.  I 

04*.  12 

o:<;  07 

0*2.  4 
109.36 
118  75 

a-l>m—  r*I)3h 

•VPm— j*PSH 
o-Fw -r-G«n 

(0. 59)  1. 12  Ji 

(0. 47)  1. 14 

08.25 
07.7 
6,600,17 
6,599.48 
93.45 

40 

1 

25 
40 

40.  II 
3.  IV 
SO.  II  A 
tr,  IV  A 
60,1 

128.43 
12!*  7 
146. 1>5 
14S  53 

162.  -yj 

o;I^  -4!h 

«'J'i«  -*«l ■!* 
e-Fm-e-PlM 

(0  00.)  1.01 
(0  L'5t  1.  12 
(0.00*)  1.50  A» 

(0.00)  1.00 
(0.37)  1.12 
(0.00)  1.33  A» 

90. 59 
f»2.  IS 
78  51 
68.54 
65.45 

1 
4 

200 
1 

40 

6,  IV 
400.  I 

40,  I  A 

m  97 

IKS  35 
196.  S2 
219*9 
227.05 

o»F?4~lji< 
2<T>!ii  'si, 

a-Pm-r-l'^ 
a>P,H-i-l'lM 

(0.00  h)  1.41 
1.0.  00)  1.  00 

(0. 00)  0.  98 
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Table  6. — The  arc  spectrum  of  lanthanum  (La  i) — Continued 


V    i.  T  A 
A  air  1.  A. 

Intensities,  tem- 
perature class 

9  T«*  CHI"' 

Term  combi- 
nation 

Zeeman  effects 

B.  8. 

K.  4  C. 

Observed 

Computed 

65.95 
55. 11 
SI.  78 
49.16 
43.17 

2 
1 

2 
300 

3.  HI  A 
l.V 

2  n,  in? 
500,  I 

249.12 
251.07 
258.82 
264.92 
278.90 

n'FiH— |f«Dm 
o»Dih— **T>1h 

38=55*5 

(0.33,0.99)  a  00,  0.74. 
1.41,2.07 

(0.33,  a  99)  0.08,  0.75, 
1.40,106 

23.  86 
20.70 
19.30 
17.  35 
0,506.25 

a 

15 
3 

1 
4 

2,  m  a? 

20,  IV 
4  IV 

6,  IV 

324. 12 
331.55 
334.84 
339.43 
365.59 

35 

«*Dx-33 

(0.00  h)  1.10  h 

ft,  492. 86 
85.54 
80.20 
68.44 

55.99 

4 

20 

10 
250 

5.V 
20,  II  A 

8.  II  A 
300,1 

397.29 
414.66 
427.37 
455.42 
485.22 

a'Tm — 2Ju 
e'DjH—  z»FIm 

■ 

(0.00)  1.10 
(0.00)  1.18 

(0.00)  1.10 
(0.00)  1.15 

54.  Ml 

50.34 
49.  94 
48.  25 
48.10 

150 

A 

3 
4 

20 

200,1 
8  II  A 

Of  AX  A 

10?,  II  A 
50?,  II  A 

488.80 

498.78 
499.74 
503.81 
504.17 

a«Fin—  t*PiH 
a'PiM— x'Dfn 
a»Dm— z*VtH 

(0^1.11)  0.80, 
(a00)  1.29 

1.54, 

(0.39,1.18)  0.02,  0.81. 
159.  2.38 
in  no\  1  on 

26.60 
20.90 
17.23 
6,410.98 
6,394  23 

2 
1 

2 
2O0 
400 

3.  III?  A 
300,  I 
600,1 

556.04 
569.85 
578.85 
593.94 
634.79 

r*Dln-««FiH 
i»FJH-«*Fm 

a«FiM—  *a\H 
fl«FiH— r«01H 

(0.00)  1.09 
(0.00  W)  1.02  A« 

(0.00)  1.10 
(0.00)  0.90  A> 

AA     A  A 

80.  48 
75.50 
75.11 
60.  20 

56.38 

1 
2 
2 
30 
3 

1.  V 

2,  V 
30,11 

4,111  A 

66148 
680.72 
681.68 
718. 44 
727. 88 

r*FJw-«4Fm 

a'Pn— t'DIh 
6»Dik-Um 

(0.00)  0.89 

(aoo)  a  93 

53.63 
39.  lfi 
33.74 
33.  24 
30.42 

1 
2 

3 

2 
3 

2,111  A 
2,1V 
2.IH? 
2.  Ill  A 

734.69 
770.61 
784. 10 
785  35 
792.38 

o»P,h-z»PIk 
t*DiH— <«D»h 
a>F»H-jf«D|H 

25.90 

18.26 
10.  13 
08.87 
6,308.21 

100 

5 
8 
2 
2 

150.1 

12.  Ill  A 
12,1V 

2.III 

3,111 

803.67 

822.78 
843.16 
846.32 
847.98 

a»DiM— i*FiH 
o'Fm-M-'FJx 

(0.63,  0.99)0.25, 
1.01.  1.38,  1.7 

0.63, 

(a  19,  0.56,0.94)  a  27, 
0.64.  1.01,  1.39,  1.77 

6,293.57 
88.56 
87.73 
78.31 
66.00 

60 
0 

7 
1 
40 

80.11  A 
7  III  A 
8.  Ill  A 

60,111 

884.85 
897.50 
899.60 
923.46 
954.74 

o*Fik— v>I>Sv< 

(0.00)  1.33 
(0.00)  1.06 

(a 00)  L26 
(0.00)  1.06 

49.  92 
38.58 
36.76 
36.17 
34.  &5 

300 
It 
7 
8 
10 

500. 1 

1 K    III  A 
10,  111  A 

10.  Ill  A 
12,1V 
15.  Ill  A 

15,995.  79 
16,  024.86 
029.54 
031.06 
034.45 

©SPSS? 

0»D1>f-X»DlK 

(0.00)  1.13 
(a  00)  1.26 

(a  oo)  i.i4 

(0.09)  1.27 

33. 51 
32.  56 
25.33 
24.24 
19.46 

10 

1 

2b 

1 

2 

15,111  A 
2,V 

037.90 
040. 34 
058.97 
061.78 
074.13 

«4PiK— z*T>lH 
r«FJn— ««Fih 
«*PiH— 31k 
6»Dim-»«F!m 

18.19 
14.35 
6,206.76 
6, 173. 74 
67.69 

6 
2 
2 

2 

7,  III 
1,1V  A 

077.41 
087.34 
107.02 
193.17 
209.05 

a'G4W— j*FJm 
2*D!k — «'Fm 

6»DiH-i«S|M 
«»FtM-llM 
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Table  6. — The  arc  spectrum  of  lanthanum  {La  /) — Continued 


X,„I.A. 

Intensities,  terr- 

r  Tt«  cn)-' 

1  ri  HI   LTMIl  Ul" 

Zeemau  e  fleets 

B.  R. 

K.  A  C. 

nation 

Observed 

Computed 

m.  m 

30 

40,  n 

214.31 

*rw  **w 

(0.88)0.87,1.43,1.99 

(0.27,0.81)  0.88,  L  42, 
1.96 

85. 02 
54  55 
48.  53 
45.29 

3 

1 

1 

10 
3 

2,1V 

5,1V 
3,111 

215  07 
243.60 
264.85 
26*13 

«»Sh— »Piw 

4298 
41.71 
36.48 
34.  39 
27.04 

10 
3 
2 

m 

M 

8 

10,  III 

2,11  A 
in  tit 

MJ,  III 

12,111  A 

274.25 
277.61 
291.49 
297.04 
816.59 

(a  00)  LI* 

\l.  tm)  I.  a! 

\i.OOf  1^0 

23.75 

2i.  r 

20.34 
11. 71 
08.47 

2 

A) 
40 

2,1V 
1.IV 
LIV 

tf\  IT 
30. 11 

60,11 

325.35 
331.97 
334.45 
357.62 
365.19 

*FiH-34 
a>Fm-»»F»H 

fit  <vn  t  17 

(U.  W)  I.J/ 

(0.535  I.84B 

IU.  It)  1. 10 

(-.0  48.  0.80)  -,1.05, 
1.38,  1. 70.  - 

6, 107.  26 

6.092.22 

88.  00 
84.88 

75.24 

4 

2 

2 
6 

12,  n  a 

1,  III  A 

in,  IV 
8.  Ill 
1,  III  A 

319.43 

409.85 

421.22 
429  R9 
455.71 

a4FtH— f*DlH 

I  ^DIm-^'Fih 

y'FfH-^36 
*'TiH-9*FiH 

74.01 

72.04 

68.70 

44.8 

41.0 

3 

« 

49 

20 
2 
2 

1,111  A 

A  TTT  A 
4,  111  A 

30,111 
2,111  A 
2,111 

459.04 

45138 

473.44 

538.6 

547.3 

(0  75)0.48, 1.90 

(0  77)0.88,1.93 

38. 57 
34.5 
32  38 
31.45 
25.09 

20 

I  D 

6 
5 

2p* 

25,  III  A 
3,  V 

3n.  IV? 
1,1V? 

555  64 
556.8 
572.63 
575. 15 
592.08 

a«P,M-^DlH 
•»PM-fPlM 

17. 15 
6.  007. 34 
5,  092  35 

82  34 

75.76 

3 
50 

3 
10 
10 

1,111  A 

WJ,  III  A 

2  III  A 
5,  III  A 
3,111  A 

614.54 
541.70 
683.  33 
711.25 
729.58 

a«F«K— r»F5M 
^Pih-iTmi 
o«Fm  -v>f>iH 
o<Pjk— w«F1m 

/  f\   (Y\  T*r\    1    77    A  1 

(U.  IW  w;  l.  77  A* 

en  m\  1  an  a  1 

\}K  W)  J.  OO  A' 

70  58 
82.  30 
82  59 
60.59 
40.83 

HNR 
A 
4 
4 
3 

l.III  A 

1  TTT 
1,  111 

1.  Ill  A 
3.  Ill  A 
1,  III  A 

744. 16 
758  fth 
765.50 
772.23 
82*01 

a»Dix-r«PtH 
6»DJM— x»P]H 
«*PiH-^FIh 

85.29 
30.68 
30  61 
28.  48 
17.64 

20 

100 
200 

£ 

15.11  A 

[400.  I 

4.  Ill  A 
15,  II  A 

843.72 
/  855.81 
\  857.01 
853  07 
883.95 

fl«Fm— t«f1h 
a'Hin — |r*FjH 

o»F,H-ic«FtH 
a«DiK-x*OJM 

(0.00  w)  1.73  A» 
(0.00)  0.87 
(0.27)  1.10  h 

(0.00)  1.76  A* 
in  ntn  n  m 

(V.WJ  u.so 

(0.25)  1.14 
(0.29)  1.13 

04.28 
5.900  75 
5.  894  84 

77.95 
77.52 

4 

3 
20 
3 
4 

2,  III  A 
1,  III  A 
8.  Ill  A 

1.  Ill  A 

2.  Ill  A 

93120 
942  31 

18.959  30 
17,008.00 
008.98 

a'Fm— i*FIH 
a«Pw-4Ju 

a«P»w— **S?w 
«i8M-4r»DfH 

a«Fm-»»PIH 

(0.00)  1.25 

(0.00)  1.16 

74.72 
69.  93 

57.  44 
55.57. 
52  26 

8 
2 
2 
20 
6 

8.  Ill  A 

1.  Ill  A 

15.  II  A 

2,  III  A 

017.38 
031.27 
057.58 
073.03 
082  69 

«*Pm— t»Flu 
o'Fih— x*Wh 

o'Fjh— f*TU 
««PiK— x«DIh 

(0.00  w)  1.42  A» 

(0.00)  1.41  A» 

48.37 
45.02 
39.77 
29.71 
27.56 

15 
10 

3 
20 

8 

8.  Ill  A 
6,  III  A 
2,11  A 
10.  Ill  A 
3,111  A 

094.05 
103.85 
119.23 
148  77 
155.10 

*<FTm— c*Fih 

a'PiW— r*SiH 
fr'DjH-r'PiH  1 

(0.00)  0.90 
(0.00)  1.18 

(O  00)  1.75 
^0.59)  1.50? 

(0.00)  1.20 

(0.17)  1.75 
(0.55)  1.42 
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Table  6. — The  arc  spectrum  of  lanthanum  (La  /) — Continued 


Intensities,  tem- 
perature class 

Term  combi- 
nation 

Zeeman  effects 

X  ,i,L  A. 

cm-1 

B.  S. 

K.  4i  C. 

Observed 

Computed 

23.82 
21.98 
13.44 
5,802. 10 
5, 791. 32 

15 
30 
2 
2 
200 

10  III  A 
30.  Ill 
1,111  A 
l.M  A 
400.1 

166.11 
171. 54 
196.76 
230.37 
262.  45 

a'Om — y'GSvi 
ftiPiH— y«P?n 
n»P|«  —x,b'iH 

(0.00  w)  0.96  h 
(0.00)  0.93 

(O.OOw)  1.31  B 

(0.00)  0.98 
(0.12)  0.93 

(0.18)  1.30 

89.22 

m.  97 

09.  32 
61.83 

150 
25 
80 
50 

250.1 
25,111  A 
80.1 
60.1 

268.71 
326. 32 
328.27 
350. 80 

a4FjH— v*FiH 
a*r  ih — V'rlM 

(0. 15)  1. 21 

(0.00)  1.01 

(0.94)  0.00,0.68, 1  34 

(0.12)  1.20 

(0.04)  1.02 
(0.32.0.96.)  0.09,0.73, 

1.37 
(0.00)  1.25 

44. 41 

60 

80,  III 

403.41 

(aoow)  1.24 

42.93 
40.65 

4 

80 

2,  III  A 
100,1 

407.90 
414.81 

a«P  M-r«s;H 

(0. 47)  0. 59  B 

(0.18,0.65)  0.33,0.60, 

0  yo 
(0.00)  a  92 

(0.16,  a  48, 0.80)  1.70, 
2.03 

34.93 
20.01 

6 
10 

6.  Ill  A 
10,111  A 

432.18 
477.65 

o»Ojh— it'Fis 
o«FIh— i'FIh 

(0. 00)  0. 92 

(0.16,  a  48, 0.81)  1.93A' 

14.55 

1,  III  A 

494.35 

a'QiH — t*Oln 

14.01 
10.85 
03.32 
02.57 
5.701. 15 

4 

2p? 
20 

5,  III  A 
2,111 
10,111 
2,111 
1,111 

496.00 

oUa.  oH 
528.80 
531.10 
635.47 

a'FjH— p»Fi«4 

_  ,  T  )            ...111?.  . 

a'l  \yi — tt 'i  m 
a'FiH— v'l'iH 
a«PiH-z>DlH 

(0. 62)  ? 

(0.66)  L05 

5,699.32 
96. 18 
61.34 
57.71 

56.54 

3 
30 

2 
30 

o 

5,  III 
40,1 

J,  III  A 
50,11 

1,111  A 

541. 10 

550.  11 

658.78 
670.  10 

673.76 

a«F«K— i'FJvj 
a'uiyt — ruin 

fl'Fifcj — v*Fjh 

a^iH— u'FJm 

(0.00  w)  0.80  Ai 

(0.29,  0.88)  0.73,  1.33, 
1.94 

(0.00)  0.70  A» 

(0.29,  0.89)  0.12,  0.71, 
1.30,  L90 

54.8 
48.24 
39.31 
32.02 
6,631.22 

20 
50 
8 
15 
CO 

3,  III  A 
80,111 

5,  III  A 
25,11 
100,1 

679. 2 
699.73 
727.  76 
750.70 
753.22 

a'rn—  x*r  ih 

a«P,H-JJDiH 
a'FjH— T:T>]H 

(0.00)  1.12 

(0.00)  0.93 
(0.00  W)  1.45  A« 

(0.00)  1.12 

(0.00)  0.92 
(0.00)  1.66  A» 

6, 69S.  52 
*8.33 
70.37 
68.45 
65.70 

3 
100 

3 

30 
10 

20,11 
5,11  A 
50,11 
20,11 

856. 92 
889.48 
947.  10 

953. 35 
902.22 

n4F.H~»4FJs 
oJDm — i'Gin 
a*FiM— ?!fiji< 
o4Fjh— x-'Fjm 

(0.00)  0.49 
(0.44)  1.16 

(0.41)  1.15 

65.43 
62.54 
44.90 
41.25 
32.17 

10 
2 
3 

15 
4 

20,111 

2.  Ill 

6,  in 

20.  Ill 

3.  HI 

963. 09 
17, 972.42 
18, 029.  60 
041.47 
071.08 

fl'l  >H' — V'l  l>< 

a'FjH-x^FsH 

o»p,h-s/Im 

&;li2H — it'Pih 

(0.00)  1.52 

(0.28)  1.47 
(0.00)  1.25 

(0.00)  1.49 

(0.36)  1.44 
(0.00)  1.26 

29. 86 
26.  51 
17.34 
15.28 
07.33 

2 

20 
5 

3,  III 

i.v 

30,  III 
10.  Ill 
2,111 

0#O.  03 

089.59 
119.66 
126.42 
152.59 

a'Ujvj— u'f  Jh 
z't  hi  -35 
a'GiH— u'F!t{ 
a«Pi,s— it^'oh 
c«P.H-V'l'ih 

(0.00)  1.10 
(0.25)  1.42 

(0.00)  1.10 
(0.30)  1.39,  2.00 

06.00 
03.80 
02.66 
02.  24 
5, 510. 34 

20 
40 
* 

3 
200 

40,11 
80,111 
10  III 
4!  Ill 
300,1 

156. 97 
104.  23 
168.00 
169.38 
172  35 

c'Dih- r*l  jh 
a*FiH — ?}(/«h 
a*KiH— x'FJh 
a>0  mk 
aJD,H— V:IMh 

(O.OOw)  1.54  h 
(0.70)  1.22  B 

(0.00)  0.80 

(0.00)  1.60 
(0.60)  1.23 

(a  06)  a  8i 

5, 498. 70 
91.07 
75.17 
on.  91 
55.14 

2 
5 
10 
2 
200 

2n,  III 
8,  III 

15,111 
3,  111 

400,1 

181. 08 

206.34 
269.21 
286.80 
320.  25 

a'P  h— ""Pin 
o'Fjh-jsDIh 

aJF,H-jf«l'lH 
a'UsH-^T'In 

(0. 00)  1. 08 

(0.  00)  1.  20 

(0. 02)  1. 20 

37.55 
29.86 
22.10 
5,415.  67 
5,31*.  63 

2 
,  6 

4 

? 

6.  Ill 
15,111 
3,  III  A 
8,111 

385.54 
411.57 
437.93 
459.  82 
545.56 

o'P  h — y'PJn 

fl'FjH  —  Z"  »»H 
flM'.H-^l'lH 

a'OiH-w'DlH 

(0. 00)  2.  54 
(0.  49)  1. 04 

(0.30)  1.56W 

(0. 21)  2  80 

(0. 55)  L  06, 2. 15 

(0.39)  1.60 
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Tabls  6. — The  arc  spectrum  of  lanthanum  (La  /) — Continued 


La  tensities,  tem- 
perature class 

Zeeman  effects 

X  ah  I.  A. 

>>u  cm*1 

Term  combi- 
nation 

B.  8. 

K.  &  C. 

Observed 

CoTr.tuitod 

80.  00 
65.87 
59.  70 
57.85 
30  04 

3 
4 

2 
25 
1 

5.  Ill 
8.  Ill 
2,  III  A 
60,111 

582. 21 
631. 14 
652  50 
650.03 
754.27 

o«Fm  -x'FIh 
a'PiH-fPfo 

(0.00)  1.53 

(0. 00)  1. 54 

23  56 
21.  34 
20.  14 
07.  52 
5.  304. 01 

3 
1 
3 
3 
20 

3,111 

3,111 
3.  Ill 
30,111 

770.22 
78".  04 
701.28 
835  06 
848.43 

6»I>im-it»P1h 
a4Fj^ — t*Qhi 
««PiH-»«Plv< 

5,287.45 
70.  40 
71. 18 
57.33 
53  45 

1 
5 

100 
4 

100 

1,  v 
10,  III 
150,  I 

3.  Ill 
100,1 

007.46 
047.  06 
IS,  065.  82 
10, 013.  08 
020.83 

Jiff  f\  H'5 

o'LUh^PIh 
o«D:4-jf«FIH 

(0.00)  0.90 
(0.00)  1.30  A* 
(0.00)  1.07 

(0.  £J,  0.60)  0.57,  1.03, 
1.40,  1,96 

(0.00)  0.90. 
(0.00)  1.44  A* 

ffk  «1     ft             a  r-7    /,  Aft 

(o.ji,  0.63)  i).t>t,  u.  yy 
1.41,  1.83. 

40.81 
39.  54 
34.  27 
5,211  H5 
5, 190.  34 

4 
4 

160 
150 
8 

2,  III 
4,  III 
300, II 
300.11 

075.  72 
080.35 
000.56 
1H7.  72 
261. 21 

a'FiH-ffJOJH 
ffl«F4H  — IJh 
o'F.k-f'DJh 

(0.00  W)  2. 10  A» 
(0.00  W)  1.73  A» 

(0.00)  2.10  A«. 
(0.00)  1.71  A>. 

83.01 
7V.  11 
77.30 
63.  05 
07.79 

10 
2 
150 
2 

20 

20,  II 
2,  III 
300,  II 

20,111 

285. 10 
302.08 
300.72 
340.02 
345.26 

a'Dj*- f*Fhi 
t'lJiH— 5!w 
o'Fjh— jt'Wh 
q'Fjh — tt»FLi 
a«FiH— 2la 

(0.00)  1.07 

(0.00)  1.00. 

64.03 
61.54 
58.08 

2 
40 

1,  V? 
80,1 

350.34 
368.68 
370.42 

6>Dih-<'FJ« 
o»D,x-f«D!H 

(0.19,0.57)  1.05,  1.45, 
1.85 

(0.00)  0  80 

(0.20,  0  00)  -,  0.98, 
L38,  1.78 

(000)090) 

62.31 
46.42 

1 

100 

200,11 

403.38 
420.36 

a»Fm— f*OJn 
o«FtH— »'I>iH 

39.  16 
35.42 
34.37 

20.81 
2a  87 

3 
2 
2 
3 

10 

2,  V 
10,111 

453.03 
467.20 
471.  18 
488.48 
522. 51 

(0.00)0.92 

(0.03)0  90 

00. 12 
06.  21 
5, 103. 11 
5, 006.  58 
86.22 

3 
100 
3 
2 
2 

2.  Ill  A 
150,11 
2,111 
UV? 

567.40 
578.48 
600.45 
615.  51 
655.50 

a'FiM— y»OJM 
a'FiH— V4l)iH 

«*FJx— 35 

(0. 10)  0. 02  A»? 

(0.10)0.22,0.60 

79.37 
78.  U2 
72. 10 
67.  W 
56.46 

4 

3 
3 
15 
60 

5,1V 

2,  V? 

1.  Ill  A 
15,111 
80,11 

682.01 
683.  76 
710.  22 
726.56 
771. 18 

a'Dm—  |HFJh 

a'FjH-Uu 

a«FiH-y<D!M 

• 

1.60 

(-,  -,  0.79)  -,  0.88, 

1. 19,  1. 51,  — 
(0  00)  1. 22 

52,10 
6a57 

46.87 
37.60 
33.24 

I 
fin 

in 
2 
2 

tHJ.  11 

fid  TTT 
vJU,  XXX 

788.25 
704.  24 

808. 75 
845.20 
862.40 

6*I>m-r*D!H 
a'Fm-^DjH 

a'FiM-i^OJn 
a'Pix— 6Jx 

(0. 80)  1. 18  B 
(0. 00  vr)  1. 24 

19.50 
6,  001.  78 
4,  905.  05 
94.64 
93.87 

10 
20 
1 
2 
16 

8,  III 
10,  III  A 

^  III  A 

OIL  76 

10,  «S7. 32 
20,010.  <A 
015. '.O 
018.  98 

e'FiK-u-'F!* 
a'FiH— y40;^ 

a>j),4-y>P;H 

84.02 
84.63 

83.56 
77.95 

3 
1 
2 

8 

2.  IV? 

8,  n  a 

054.92 
056.  00 
060  40 
083. 01 

a«F»|-32H 

a'l'iK-r'Pfa 

6>PiH-«,3I>in 

08.50 

4d 

120  84  |  o«FiH-|T»ai 
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Table  6. — The  arc  tpeelrum  of  lanthanum  (La  /) — Continued 


Intensities,  tem- 

Zee  man 

effects 

V           T  A 

'hi  cm-1 

Term  combi- 

B. 8. 

K.&C. 

nation 

Observed 

Computed 

64.  84 
57.77 
49.  76 
45.84 
25.40 

3 
4 

50 

3 
3 

4,  in  a 

200,  I 

6,  in  a 

2,  IV 

136.03 
164.76 
197.38 
213.39 
297.27 

•'Fim— r*DlK 

(a  oo)  a  84 

(a  oo)  a  84 

16.  62 
05.13 
4,901.87 
4,  m  24 
87.00 

3 
4 
15 
2 
4 

i,m?A 
4,  niA 

25.  I 

i,  in 

M  TT¥ 
0,  111 

333.62 
381. 15 
394.70 
426.49 
464.24 

a'Fix-  u'FIh 
a'Dm—  z»OIm 

«»F|m-»«D|m 

(0.00)0,94 

(0.00)0.92 

86.82 
81. 94 
78.86 
70.56 
68.90 

8 
1 

10 
6 

* 

2,  IV 

15,  III 
6.  Ill 
a»iv7 

467.61 
477.96 
490.89 
626.81 
632  80 

o>FiH-<>F!h 

6»Dim— *>D\h 

(0.00)  1.10  R 

(0.18)  1.10 

67.87 
54.95 
50.81 
39.51 
17.65 

3 
8 
20 
20 
S 

8,  III 

20.1 
25,11 

630.  26 
691.80 
609.37 
667.49 
761.66 

o'Dih- X*F\H 
a'¥t>r-i*Fhi 

(0.00)  1.21  R 
(0.00)  0.89 

(0.35)  1.21 
(0.04)  0.89 

17.17 
4,800.24 
4,  799  99 

92  46 

91.77 

10 

9 

8 

1 
i 
1 

4.  IV? 

8,  in 

8,  III 
tr.  III  A 

763.29 
826. 49 
827.  57 
860.30 
863.80 

6»D,h-71m  , 
a«F1H— xM>&4 

91.39 
79.89 
75.  14 
70.  43 
67.80 

5 
4 
3 
10 

1  h 

6.  II 
4,11 
2.V 
16,11 

864.96 

916. 16 
935.96 
956.63 
968.19 

a'Fm— -tp'Dfu 
C«F«k-I«H1h 

(0.00)  0.93  R 

(0.00)  0.89 

66.89 
59.  71 
67. 14 
56.97 
68.11 

60 

2 
3 

9 

100,1 
2,1V? 
2,1V 
1.V 
1  IV 

20,972,19 
21,003.83 
016. 18 
015.93 
032.99 

o'Oih— «iF|h 

(0.00)  0.99 

(0.00)  0.98 

52  41 

50. 41 
33.82 
29.09 
23.72 

3 

10 
8 
1 
2 

8,  III 
16,  III 
4,  V? 

3,  II 

036.09 
044.96 
11&70 
139.82 
163.86 

a*F«H— *<D|h 
a*¥tH-4lH 

(0.00)  1.04  R 

(0.00)  1.02 

14.14 
08.  18 
02.  64 
4,  700.  26 
4,695.30 

4 

8 
8 
8 
3 

5,1 
8,111? 
10, 1 

s,  in?  * 

206.86 
233. 71 
258.72 
269.  48 
291.95 

a'FiM  —w'FIh 

b'DtH—SlH 

««F«H^F|M 

O'Pih-^DIm 

(0  00)  0  97  R 

fO.00)  1  16 

60. 70 
53.90 
5Z  07 
50.32 
48.64 

8 
4 

15 
12 
30 

8,  in 

20,1 
15,  I 
40,1 

46tt  02 
481.36 
489.81 
497.90 
505.67 

a»Fu<-ip«DJH 
o«Pim-^DIk 
a*FtH-x*Flvi 
a;F,M-F»FiH 

(0.00)  0.92  R 

83  "* 

(0.00)  0.92 
(0.37)  1.12 

(0.15,  0.46)  0.26,  0.67, 

a87 

46.33 
43.  U 
27.  35 
15.0*3 
06,08 

10 
6 
2 

8 
6 

12,  in 

6.UI 

15,  III 
10,  III 

516.36 
631.28 
604.61 
662  14 
709.09 

9*OtH  ~T*FIh 
fl»FiH-<»F5H 
6>Dim— l*FlH 
a*rH-v*DiH 
o«P,h-ic«DJh 

(0  00)  0.89  R 
(Ml)  1.37  R 

(0.00)  0.96 
(U5)  1.36 

04.24 
4,  602  04 
4,  5  96. 19 

89.89 
81.20 

6 

10 
6 
6 

10 

10.  Ill 

20,  m 

10.1 

12,  in 

713.05 
723.43 
761.08 
780.93 
822  25 

a'FiM-r'IJK 

70.02 
67.  90 
64.85 
S2.47 
50.76 

60 
60 
6 
8 
8 

260,1 

200,  r 

12,  III 
8,11  A 

lo,  in  a 

875.63 
885.78 
900.41 
969.96 
968.21 

«*F«k— Z*FJ« 
a4F»«~ z*Fln 
a4FiM-i«FTM 

(0.00)  1.34 
(0.00)  1.24 
(0.00)  1.42  R 
(0. 00)  0. 87 
(  0.  78)  0.  38  R 

(0.11)  1.34 
(0.02)  1.23 

(0.15,0  45)  1.18,  1.48 

(apm  a  87 

(0  77)  0.38,1.93 
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Table  6. — The  arc  spectrum  of  lanthanum  (La  t) — Gontinued 


X.*LA. 

Intensities,  tem- 
perature class 

*  *>•  cm-1 

Term  combi- 

Zeeiuan e  fleet* 

R  S 

nation 

"Li  served 

Computed 

50. 10 
4V  50 
41.78 
37  57 
28.  88 

4 

40 
10 
2 

3 

6,  III  A 

ijln 

971. 11 
21, 974. 30 
22,  Oil.  65 
032.07 
074.34 

•«Fih-i«STm 

««PiH— ip«dTh 
e'hH-ijjpiH 
««P,M-6Ih 

(a  oo)  i.  08 

(tt  17)  1.07 

07.4 
01.57 
4,  500.  21 

4,4*9.04 
04.71 

2 
6 

30 

10 
20 

10,11  A 

40.  n 
lain 

30,1 

20s!2f. 
214.97 

220.75 
24Z16 

0»O|M-riFJ^ 

■♦PtH-w'Dlx 

«,0«H-r*  FJ* 
o»F,h-x«F1m 

(ttOOw)  1. 10  A^ 

(a  oo)  i.  02 

ia5i)  a27.o.«8,a»i 
as 

(0.12,  a  37-)  0.87. 
n  m  i  17.  .  . 

(a  oo)  i.  02 

(O^iaO.47)  a  26, 0.57, 

S3  81 

03. 11 
01.78 
W5.06 
79. 82 

5 
15 
10 
10 

6 

10,1  A 
25  I 
15.  Ill 
20,111 
15,11  A 

246.61 
2500 
256.78 
285.04 
316.08 

a*l>m  — f*I)»H 

0'I>IH™7Jw 

(a  oo)  a  72  r 

a)  mi  i  i« 
(0. 00)  1. 52 

fawifSf1*17 
(a  oo)  i.u 

74. 54 
68  97 

55.  21 
83.85 
82.16 

4 

10 
3 

15 

5,  III  A 
26,  II 
lo!  II  A 

2.  IV  A 
30.11 

342. 42 
37a  26 
439.  :« 
446.  20 
449.78 

W>ih 

a«Fm-x«FIH 
o»OIH-ir>njH 

(0.00)  0.08 

(0.00)  0.97 

44. 12 
43.94 
42.68 
23  90 
17.14 

2 
5 

6 
20 
2 

2.  Ill  A 
10  I 
12,  II 
30,  II 
6n,  III 

490  29 
496.26 
502  64 
598.  16 
632.75 

a'FiM-ir<DJ« 
e>DJH-3|u 

a«F»H-i«FJH 
«»0»M-f»HtH 
o«Fih-|T«PIk 

(0.00)  1.00 

(0.00)  1.00 

13.  45 
03.02 
4,402  64 
4,397.04 

96.79 

2 
5 

2,  III  A 

A.  Ill  A 

O,  111  J\ 

15,  III 
2,  IV  A 
4,  IV  A 

661.67 
705.33 
707.29 
736.  21 
737.50 

«4fH-7lK 
e«PH-u«DTH 
a'P^-^Ffa 
*FlH-8iH 

(0.00)  0.88 

(0.00)  0.86 

96.31 
93.52 
89.  87 
80  55 
60.86 

2 
6 
4 

2 

2,  IV 

4  III 
16.  Ill 
12.  II  A 

2,  III  A 

739.98 
754.  42 
773.34 
821.79 
924.84 

e'T>iH— ■c'FIk 
e'FtH- Hh 

(0.00)  1.07 

(0.00)  1.06 

m.  4« 

57.88 
54.  79 
40.72 
39  93 

2 
2 
20 
10 
5 

2,  III  A 
2,  III  A 

25,  III 

16,  III 
6,111  A 

926.78 
m  51 

22.  V56.  79 

23,  031.  20 
035.39 

•4Pim—  81m 
o«Fm-x»P!K 
6'D,H-r*>iH 
^UiH-^'FIm 

(0.00)  0.90 

(0.00)  0.87 

2C.  19 
11.73 
06.00 
4.  300.  62 
4,291.00 

2 

5 
6 

HNR 
2 

4,  III  A 
6,11  A 
3 

108  55 
186.05 
216.90 
245  94 
298.06 

c«Pik-*iFIk 
fl«P>*,-*iH 
«4PtM-95H 
o'P«— r»PlH 
e*PiM— ^FIh 

(a  14)  1. 49 

(U.dt>)  0.5*0,  2.12 

(a  20)  1.60 

8V.  Co 
89.01 
80.  27 
71. 14 
07.74 

HNR 
HNR 
60 

4 

2 

1 
2 

100,1 

305.  30 
308  87 
356.  46 
406. 39 
425.04 

6*DiH-tt»Dfx 
b'DjK  —  u*D}tf 
a'DjH  —it1  Fix 
o'PiH-OIH 
e'FiH  —T*ihi 

(0. 00)  1. 14 

(a  oo)  i.i3 

62.  35 
66  92 
38.69 
4,  216  54 
4,192.72 

10 
6 
4 
4 

HNR 

15,11  A 
6,111  A 
10,  111  A 

2 

454.66 
484  58 

586.  13 
709.47 
844. 17 

fl'DjH— *»Fj>, 
«»PiH-h*P1h 

atDm-x»DtK 

(0.00w)  1.19 
(a 00)  1.29  R 

(0. 00)  1. 20 
(0.08)  1.29 

87.31 
77.  48 
72  32 
71. 13 
63.31 

60 
16 
6 
6 
6 

125,1 
30,1 

10,111  A 
8,  III  A 
8,111  J 

874.98 
931.  15 
9/.*)  75 
23,  V.i7.  58 
24  012  60 

o'Djm-wIFIh 
«»*>ix-x«F1k 

e«F»H-|r«OiH 

(0.  00  w)  1. 16  A» 
(Q.  00)  1. 60  (?) 

(0. 00)  1. 16  A» 
(0.  20)  1. 16 

60.26 
67.62 

1 

30.1 
10,  II  A 

030.21 
046.04 

e'Di*  -x*DIh 

(OOOw)  1.66.W 

(0.00)  L67 

141809—32  6 
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Tablb  6. — The  arc  spectrum  of  lanthanum  (La  i) — Continued 


X  »lr I.  A. 

Intensities,  tem- 
perature class 

p  tie  cm*1 

Term  combi- 
nation 

B.  8. 

K.&C. 

Observed 

Computed 

50. 24 
44.30 
43.02 

2 

4 

5 

12,  m  A 

088.22 
122.40 
124.96 

o'Fjm— r>F3K 
a*FlH-p*QlH 

37.05 
17.  67 
09.80 
09,48 
4,104.87 

20 
8 

10 
6 

40,  I 
20,  III 
20,  I  A 
15,  II  A 
W,  I 

166.02 
278.75 
325.24 
327.14 
354.46 

o»D»m— x*r>ix 

a»Dix— ^FIk 
««Dih— x*F\h 
a«FiM-y«OJH 

(0.00)  1.22 

(a  00)  a  93 
(a  oo)  i.  04 

0.00)  1.26 

(0. 08,  a  25)  0.  53,  0.  69, 
0,86  ur 

(a  09)  1.23 

(a  oo)  i.04 

(a  00)  1.22 

(0.07,  a  23)  0.34,  0  49, 
0.  64,  0. 80 

4,090.40 

80.01 
79.17 
65  .  M 
04.79 

2 
25 
20 
15 
25 

50,1 
40, 1 

OA  IT 
30,  II 

60,11 

44a  61 
445.33 
507.90 
589.82 
594.00 

a»Fm— u«D!n 
a<  Fjh — v'GJh 
a'DtM — p*FIw 
a'Dm— 
a*  Fix — V'QIh 

(0. 00)  a  93 
(0.00W)  1.08  A« 

(a  oo)  aw 

(0.00)  0.94  A« 

00.33 
40.  97 
37.  21 
15.39 

4,001.38 

30 
2 
25 

Id 

2 

60,11 

50,  I 
60,  1 

021. 61 
739. 57 
762.  61 
897. 17 

24,984.34 

a«F4«— V'QIh 
a 5  Fin — u'Dtx 

o'Dix-i»P|m 
a'DiK— J^Flx 

(a  oo  w)  i.  io  a> 
(a  oo)  a  86 

(0.10,  0  31)  0.90,  1. 10, 

1.30,  1.48  ur 

(a  00)  1. 12  A» 
(a  13)  0.84 

(0.10.  0.30)  0.90,  1.10, 
1.30,1. 51 

3,953.07 
27.56 
3, 90Z  67 
3,  898.  60 
3,895.  05 

10 
30 

5 

8 

40,11 
80,1 

OA  IT 

JU,  11 
40,11 
87.  IV 

25,285.83 
453.92 
610. 91 
25,  642  99 
25,062.42 

o'Dm— x»PSM 
a'DiH— y«PiH 

(a  oo)  a  76 

(aoo)a7o 

3,714.30 
3,  704.  54 
3,  699.  57 
72.  02 
49.66 

2 
10 

A 

4 

8 
10 

40,  II 

tO    IT  A 

30, 11 
40,11 

26,915.34 
28, 9S6.  25 
27,  022.51 
225.24 
392,  86 

o'Dix— ip'DIh 
o'Dw-  u»FIh 
a'DiK— y4G7H 

a«UiH— tt»FIx 

(a00)  L08 
(0.00)  LOO 

(0.00)IL04 
1(0.00)  0.98 

41.53 
36.67 
3.  613.  08 
3,  574.  43 
3,51107 

207 
6 

1 A 
JU 

20 
0 

100,  II 
40,  III 

OA     f  ¥ 

60,  11 
60,11 
20,  II  A 

453. 19 
489.88 
609.36 
27,  968.  53 
28,448.92 

a' Dim — tf*D!x 
alI)m — PFIh 
a'DiM-fFIn 

o*D:m— u^DIm 

(0.00)  0.97 
(0.00)  0.83 

(o.oo)  a  oo 

(0.17)  a  85 

3, 48a  61 

61.18 
50.65 
3,404.53 
3.388.61 

3 
10 

r 
0 

10 
6 

8,  III  A 

25,  111  A 
to  in  a 
Is.  Ill  A 

15,  III  A 

12.  II  A 

722.40 
883.64 

28,  971.  78 

29,  364.24 
602.18 

o'Dim— P*Dix 
a'Dm— 7Ih 
a«D,H-f»UlH 

o«d!h— w*i>la 

81.42 
68.36 
64.88 
62.04 

67.50 

3 

7 
5 

15,  II  A 

12,  III  A 
7,  III  A 

664.92 
679.54 
710. 24 
735.33 
776.54 

a'Divj — 6iw 
a*FiH— 11* 
a'Fm — io° 
a>Dm-«>F,u 

49.  82 
3,  342.  23 
3,  256.  60 

47.  On 

35.00 

2 
10 
2 
5 
3 

3,  III  A 
20, 11  A 

8,  II  A 
5,  III  A 

843.  80 
29,911.57 
30,  MS.  U5 

788.24 
3a  890.  71 

a'Diu — Qlu 
aiD,H-*»FlM 

a^iH-^'FIx 
a»D,x-9jx 

(0.00)  1.08 

(a  00)  L14 

3,216.81 
3,179.  78 
76.99 
4S.51 
3,109.42 

10 
4 
8 
4 
8 

15,  II  A 
8,  III  A 

16,  II  A 
4,  III  A 

12,  II  A 

31,087.42 
439.66 
477.17 
31, 751. 89 
32, 151. 04 

a'Diu-r'FIu 

a*DiH-r»FlM 

«'Dih-u»D!m 

fl'Dix-fiplM 

(0.00)  1.13 

(0.00)  1.14 

■ 

3,096.02 
10.78 
3, 001. 41 
2,992.99 
09.  65 

8 
4 

2 
2 
2 

10,  II  A 
2,1V  A 

32  2**0  19 
33,  204. 34 
307.99 
33.  401.09 
34,358.36 

U                    VI  0M 

2,904.62 
2,817.46 
2,  794.03 
66.46 
61.66 

1 
2 
4 
4 

7 

34,417.86 
35,482.64 
36, 78a  07 
30, 136.  62 
20a74 

o*Fiw-13° 
o«Fih-14° 
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Table  6  —  The  are  spectrum  of  lanthanum  (La  /)— Continued 


X  Bir  I.  A. 

Intensities,  tern  • 
I*rature  class 

p  t»«  cm-' 

Term  combi- 
nation 

B.  S. 

K.  &  C. 
—  

Observed 

Computed 

59  54 

4 

227.24 

56.  57 

3 

206.27 

49  52 

2 

369.25 

39  25 

A 

495  50 

37.40 

9 

519.03 

30.  15 

2 

017.20 

29.  85 

5 

021.22 

o«FtH— 13° 

25.  57 

15 

078.73 

o'Dih — 11° 

22.31 

0 

722  05 

a»D,«-10° 

17.33 

3 

7S9.90 

16.77 

3 

811.08 

14.  52 

8 

828.03 

a«FW-14« 

10.09 

4 

880.00 

2.  707. 07 

3 

30.  929.  3S 

a«FiH-12° 

2,684.11 

0 

37,245.25 

77.77 

3 

333.43 

a«Fw-150 

71.91 

3 

415.30 

53.  48 

3 

075. 10 

««F,k-158 

47. 13 

3 

705,53 

V.  IONIZATION  POTENTIALS  OF  LANTHANUM  ATOMS 

The  first  two  members  of  series  have  been  identified  in  the  spectra 
of  lanthanum  in  all  three  degrees  of  ionization,  and  the  ionization 
potentials  for  three  different  lanthanum  atoms,  La,  La+,  La++,  may 
thus  be  deduced  spectroscopically  from  extrapolation  of  the  series 
to  their  limits. 

To  use  the  Rydberg  formula  is  equivalent  to  assuming  that  the 
denominator  n*  changes  by  exactly  1  from  one  term  to  the  next 
in  a  series.  In  those  spectra  for  which  long  series  and  accurate 
limits  are  available,  the  change  An*  between  the  first  and  second 
members  is  usually  somewhat  greater  and  it  appears  to  be  preferable 
to  assume  that  the  value  for  lanthanum  is  comparable  with  that  for 
similar  spectra.  For  example,  in  the  1 -electron  spectra  we  find  the 
following  values  of  An*  for  the  s  electron: 


El 

Ca  ii 

Kb  i 

Sr  n     j     Cb  I 

Ban 

1.031 

1.033 

1.040 

1.012     |  1.050 

1.052 

We  may  therefore  assume  An*  =  1.050  for  La  m.  The  terms  6aS 
and  7*S  then  give  a  limit  at  154,630  (above  the  lowest  level  2D,M) 
with  n*  =  2.6462,  3.6962.  This  corresponds  to  an  ionization  potential 
of  19.07  volts  which  is  the  lowest  known  value  for  a  third  ionization. 
Badami  M  from  his  analysis  of  this  spectrum  derived  20.4  volts  for 
the  ionization  potential  of  La++. 


*  J.  8.  Badami,  Proc  Pbys.  8oc.  London,  vol.  43,  p.  53,  1931. 
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For  2-electron  spectra  we  find  for  the  3S  and  8D  terms  due  to 
"running"  8  and  d  electrons: 


Terra 

»S 

»D 

Spectrum 

Cai 

Sri 

Bai 

Cai 

8r  I 

Bai 

An*    

1.040 

1.042 

1. 045 

1.135 

• 

1. 181 

128« 

• 

The  *S  and  !D  series  in  the  alkaline  earths  are  too  much  perturbed 17 
to  be  of  use.  We  therefore  assume  that  in  La  n  An.*  =  1 .05  for  a  run- 
ning *  electron;  that  is,  for  the  terms  a3D,  PDy  and  a'D,/^,  with 
limit  5'D  in  La  in,  and  1.15  for  a  running  a  electron  (a3D,  A.3D  with 
limit  62S).  The  resulting  values  of  n*  (referred  to  the  proper  limit 
for  each  component)  and  of  the  difference  between  the  lowest  level 
in  La  n  (a3F3)  and  La  in  (53Dm)  are  as  follows: 


Term 

•D, 

»D, 

'Di 

»Di 

«•  

f  2,2232 
I  3,2732 
90,704 

2,2333 
3,2833 
W.600 

2,2208 
3,2706 
90,664 

2,1820 
3.232fi 
91,924 

2,0384 
3,1884 
93,944 

2,0453 
3,1953 
93,924 

2,0518 
3,2018 
93,916 

Limit  

The  mean  of  these  seven  values  is  92,240,  which  corresponds  to  an 
ionization  potential  of  11.38  volts  for  La+. 

Finally,  for  La  i,  we  have  the  terms  a4F,  e4F  and  a*F,  e*F  with  a 
running*  electron  and  limit  a3F  of  La  ii.  With  limit  a3D  we  have 
only  crD  and  e4D,  but  these  terms,  though  of  different  multiplicity, 
may  still  be  used.28  The  first  comes  from  the  configuration  bd  6s2, 
the  second  from  5d  6s  7s.  Dropping  the  5d  electron  we  obtain  the 
lowest  'S  and  3S  terms  in  Ba  i.  For  these  and  the  corresponding 
terms  in  Ca  i  and  Sr  i  we  have  the  values  of  n*. 


Spectrum 

Cai 

Sri 

Bai 

n*('S)  

n'OS)  

1.442 
2  484 

1.042 

1.545 
2,548 
1.003 

1.616 
2.629 
1.013 

An*  

We  may,  therefore,  adopt  An*  =  1.010  in  this  case  while  in  the  others 
we  use  1.060.    We  then  find 


Term 

fl«Fm 
d*FiH 

a*FiH 
e*Fth 

0<FiM 

e*F*H 

o'FtH 

fl'Fin 
«'Fih 

n'  

f  1.5221 
I  2.5321 
45, 145 

1.6033 
2  6633 
45,337 

1.6000 
2  6800 
45,856 

1.5S48 
2.6548 
45,606 

1. 58*2 
2.6492 
45,583 

1.6829 
2.7429 
44,721 

1.6855 
2.7455 
44,687 

Limit  

The  mean  is  45,293  for  the  interval  from  aaD1J4  (La  i)  to  a3F2  (La  n). 
This  corresponds  to  an  ionization  potential  of  5.59  volts. 

A  change  of  +  0.01  in  An*  alters  the  computed  limits  on  the  average 
by  —152  or  —0.019  volts.    The  average  discordance  of  the  seven 


"  A.  G.  Sbenstone  and  H.  N.  Russell,  Phys.  Kev..  vol.  39,  p.  415,  1932. 
*  We  owe  this  supRt^tion  to  Prof.  A.  Q.  Sbeustoiia. 


Digitized  by  Google 


a££5SJ  An  Analsyis  oj  Lanthanum  Spectra  665 

determinations  from  the  mean  is  ±334  or  ±0.041  volts.  We,  there- 
fore, adopt  5.59  ±0.03  volts  as  the  first  ionization  potential  of  lan- 
thanum. This  is  in  excellent  agreement  with  the  value  5.49  volts 
derived  by  Roll  a  and  Piccardi  20  from  observations  of  the  ionization 
current  and  rate  of  dissociation  of  L^O*  in  flames. 

For  La  n  a  change  in  An*  by  ±  0.01  affects  the  ionization  potential 
by  ±  0.044  volts,  while  the  average  discordance  of  one  determination 
is  ±0.13  volts. 

We  may  finally  adopt  for  lanthanum  atoms: 

First  ionization  potential  =  5.59  ±0.03  volts. 
Second  ionization  potential  =  11.38  ±0.07  volte. 
Third  ionization  potential  =19.1  ±0.1  volts. 

VI.  DISCUSSION  OF  ZEEMAN  EFFECTS 

The  observed  Zeeman  effects  for  lanthanum  lines  in  all  three 
spectra  positively  identify  most  of  the  spectral  terms  although  a 
comparison  of  the  observed  and  theoretical  g  values  discloses  many 
discrepancies  which  greatly  exceed  the  experimental  errors.  Similar 
deviations  have  been  observed  in  other  spectra,  and  have  been  as- 
signed either  to  departures  from  strict  SL  coupling,  or  to  the  sharing 
of  g  values  by  mutually  perturbing  terms.  If  the  coupling  between 
spin  moment  and  orbital  moment  of  each  electron  is  weak  individually 
as  compared  with  the  coupling  of  the  spins  and  those  of  the  orbital 
moments  of  the  electrons  mutually  we  have  the  so-called  SL  coupling: 

{(«,«,—  .)  (1>1,....)}-(SL)  =  J 

An  atom  for  which  this  is  true  will  emit  a  spectrum  in  which  interval 
rules,  and  Zeeman  effects  are  in  accord  witn  the  values  predicted  by 
the  theorv  of  Lande  and  others.  But  if  the  quantum  vectors  8  and  I 
are  actually  compounded  to  produce  a  resultant  vector  Jin  some  other 
manner  the  spectrum  will  show  violations  of  the  interval  rules  and 
deviations  from  Lande* 's  g  values.  Such  deviations  are  evident  in 
the  La  spectra.  For  example,  the  metastable  quartet-F  term  in  the 
La  i  spectrum  shows  only  a  slight  departure  from  the  interval  rule: 


Separations 

Ratios 

Theoretical  

«F«n— «Fih:«Fih— 4Fm:«Fm— iFjh  — 
627.0     :     484.6     :     341.8  - 

0.00:7.00:5.00 
9.00:6.05:4.00 

La  I  

and  the  observed  g  values  are  almost  exactly  those  of  Lande" 


Level 

Observed  g 

Land*  9 

•F,n 
*F,M 
'Fw 

0.411 
1.033 
1.222 
1.337 

0.400 
1.029 
1.338 
1.333 

The  low  terms  in  the  La  n  spectrum  do  greater  violence  to  the  interval 
rule,  and  also  somewhat  larger  divergences  of  observed  and  theoretical 

»  L.  Rolls  and  O.  Piccardi,  Phil.  Mag.,  vol.  7,  p.  286,  1039. 
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values  occur.    Thus,  for  the  normal  state  represented  by  a*F  we 
ave  the  following  interval  ratios : 


Separations 

Ratios 

'F4-«Fl:»F1-iF, 
954.0  :  1016. 1 

4.00:3  00 
4. 00:4.20 

La  II  

and  the  following  g  values: 


Level 

Observed 
0 

Land* g 

»Fi 

0. 730 

0.067 

»F, 

1.05)2 

1.088 

iF4 

1.268 

1.250 

Similarly  for  the  term  a3D,  the  interval  ratios  are: 


Separations 

Ratios 

Theoretical.... 

>Dr»Di:»Di-»Di 
658.8:606  4 

3.00:2  00 
3.00:3. 17 

and  the  splitting  factors  are: 


Level 

Observed 
9 

Land6 

«Di 
»Dj 
»Di 

0.520 
1. 140 
1.337 

0.500 
1. 167 
1.333 

These,  and  many  other  departures  from  theoretical  values  indicate 
a  considerable  deviation  from  (SL)  coupling,  probably  in  the  direction 
of  (jj)  coupling  defined,  in  the  case  of  two  electrons,  by 

9  {(sJi)  (*A)}«0'iji)-J 

in  which  the  interactions  between  spin  and  orbital  moment  of  each 
electron  predominate. 

No  matter  what  tho  nature  of  the  coupling  may  be  the  so-called 
p-sum  rule  of  Pauli30  is  expected  to  be  valid.  This  rule  can  be  stated 
as  follows:  If,  among  all  the  terms  arising  through  the  coupling  of  one 
electron,  those  terms  with  tho  same  inner  quantum  number  J  be 
grouped,  the  sum  of  the  g  values  of  the  terms  in  each  group  must  have 
a  value  independent  of  the  nature  of  the  coupling,  and  consequently 
is,  among  others,  equal  to  the  sum  of  the  Lande"  g  values  for  a  similar 
group.  This  rule  is  tested  in  Table  7  where  the  observed  and  Lande 
g  sums  are  displayed  for  all  the  groups  in  La  n  for  which  the  data  are 
complete  and  for  the  low  terms  in  La  i,  although  one  term  has  not 
been  found.  The  sums  of  observ  ed  g  values  are  slightly  larger  than 
the  theoretical  sums,  but  the  differences  can  perhaps  be  ascribed  to 
the  accumulation  of  a  small  systematic  error  of  observation.  If  the 
observered  g's  are  diminished  by  0.78  per  cent,  to  allow  for  this,  the 
agreement  becomes  almost  perfect,  with  an  average  discordance  of 
only  0.5  per  cent. 

»  W.  Pauli,  Zeita.  f.  Phy».,  vol.  16,  p.  155, 1923. 
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ANALYSIS  OF  WEIGHTED  SILK 

By  Ralph  T.  Mease 


A  generally  applicable,  rapid,  and  convenient  method  for  the  determination  of 
the  amount  of  pure  silk  fiber  in  silk  textiles  is  described.  Weighting  and  finish- 
ing materials  are  removed  by  repeated  extractions  with  hot  water,  2  per  cent 
sodium  carbonate  solution  and  a  solution  containing  2  per  cent  of  hydrochloric 
and  2  per  cent  of  hydrofluoric  acids.  Results  of  analyses  of  samples  of  known 
composition  are  presented  which  indicate  that  the  results  are  correct  to  within 
1  per  cent  of  the  weight  of  the  dried  finished  material.  Results  obtained  by 
inexperienced  analysts  working  in  different  laboratories  have  been  in  good  agree- 
ment when  samples  of  the  same  silk  were  analyzed.  Qualitative  methods  for 
the  identification  of  the  following  weighting  materials  are  given:  Aluminum,  lead, 
phosphate,  silica,  tin,  sine. 
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I.  INTRODUCTION 

Raw  silk,  as  it  comes  to  the  manufacturer,  contains  about  75  per 
cent  fiber  (fibroin)  and  about  25  per  cent  gum  (sericin)  exclusive  of 
moisture.  At  some  stage  of  the  processing  the  gum  is  removed  by 
"boiling  off"  in  a  soap  solution.  The  silk  may  then  be  "weighted" 
by  the  addition  of  various  metallic  salts  or  other  substances,  the 
amount  of  the  weighting  being  determined  by  the  purposes  for  which 
the  silk  is  intended,  the  selling  price,  and  similar  considerations.  The 
amount  of  weighting  added  seldom  is  less  than  the  amount  of  the 
gum  removed  and  it  may  exceed  the  amount  of  the  silk  fibroin.  The 
claim  is  made  that  weighted  silk  has  a  better  "hand"  or  "feel"  than 
unweighted  silk,  that  it  drapes  better,  and  that  its  lower  cost  makes 
possible  the  use  of  silk  by  persons  who  otherwise  could  not  afford  it. 

After  weighting,  the  silk  may  be  dyed,  or  printed.  It  is  finally 
"finished"  by  the  addition  of  gums,  soaps,  waxes,  hygroscopic  sub- 
stances, or  other  "finishing"  materials  which  contribute  to  the  desired 
properties. 

The  need  for  a  standard  method  of  analysis  for  weighted  silk  arose 
several  years  ago  when  special  attention  was  being  given  to  the 
problem  of  overweighting.  There  was  an  insistent  demand  from 
numerous  manufacturers,  distributors,  and  consumers  for  definite 
limits  on  the  amount  of  weighting  to  be  allowed  on  different  types  of 
silk  fabrics.  This  led  to  the  tentative  designation  of  limits  by  the 
Silk  Association  of  America  in  January,  1929.1  In  order  to  insure 
satisfactory  analyses  of  weighted  silks  for  conformance  with  these 
standards  or  other  standards  that  might  be  agreed  upon,  attention 

»  Fifty-seventh  Annual  Report,  Silk  Association  of  America,  New  York,  p.  27,  1920. 
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was  given  by  a  Technical  Committee  on  Weighted  Silk 2  to  methods 
of  analysis.    A  proposed  standard  method  was  published.8 

The  proposed  standard  method  was  the  one  in  common  use  calling 
for  extraction  with  hydrofluoric  acid,  amplified  to  make  possible  the 
successful  analysis  of  silks  weighted  with  materials  other  than  tin- 
phosphate-silicate.  When  samples  of  silk  of  known  weighting  con- 
tent were  submitted  to  cooperating  laboratories  for  analysis  by  this 
method,  the  results  were  in  error  in  one  instance  by  no  less  than  32  per 
cent  of  the  amount  actually  present  and  in  two  other  instances  by  17 
and  20  per  cent.4 

In  anticipation  of  the  need  for  analyses  of  weighted  silks  in  several 
projects  in  the  textile  section  of  the  Bureau  of  Standards,  and  with 
the  expectation  that  the  Federal  Trade  Commission  would  require 
analyses  of  weighted  silks,  some  attention  was  given  to  the  develop- 
ment of  a  generally  applicable  and  satisfactory  method.  This  work 
resulted  in  a  method  which  is  reasonably  rapid,  convenient,  and 
reliable.  The  work  is  described  and  the  resulting  method  is  given  in 
this  paper.  Qualitative  tests  that  have  been  found  useful  in  identi- 
fying inorganic  weighting  materials  on  silk  are  also  given. 

II.  EXPERIMENTAL  STUDIES 

The  important  determination  in  the  analysis  of  weighted  silk  is 
that  of  fibroin  content.  Several  methods  have  been  proposed  for 
obtaining  this  value.  In  one  method4  the  fibroin  is  evaluated  by 
determining  nitrogen,  which  is  a  constituent  of  silk  fibroin.  This 
value  is  in  error  if  dyestuffs  containing  nitrogen  are  present  in  the 
silk.  In  another  method 8  the  fibroin  content  is  indirectly  evaluated 
bv  making  a  determination  of  the  ash  content  of  the  weighted  silk. 
This  is  done  by  igniting  a  sample  in  air.  The  weighting  materials 
are  changed  during  the  ignition  and  the  weight  of  the  ash  is  not  a  true 
measure  of  the  weighting  materials  contained  in  the  material.  A 
third  method,  which  is  also  indirect,  consists  in  the  extraction  of  in- 
organic materials  with  hydrofluoric  acid.7  When  lead,  zinc,  or 
aluminum  salts  are  present,  however,  the  material  is  alternately 
treated  with  hydrofluoric  and  hydrochloric  acids.  Neither  of  these 
last  two  treatments  entirely  removes  the  inorganic  materials. 

It  was  found  in  this  laboratory  that  a  solution  containing  2  per 
cent  of  hvdrofluoric  and  2  per  cent  of  hydrochloric  acids  was  more 
effective  m  removing  inorganic  weighting  materials  than  either  acid 
alone,  or  the  alternate  treatments  with  these  two  acids.  Further- 
more, the  combination  of  hydrofluoric  and  hydrochloric  acids  was 
found  to  be  less  destructive  to  silk  fibroin  than  hydrochloric  acid 
alone. 

Unweighted  silk  cloth  was  purified  by  boiling  it  in  several  changes 
of  neutral  soap  solution,  then  extracting  with  alcohol  to  remove  soap, 


*  The  Joint  Committee  of  the  Textile  Industry  on  Weighted  Silk,  composed  of  representatives  from 
national  associations  representing  manufacturers,  distributors,  and  users,  established  this  smaller  tecbnkul 
committee  to  consider  technical  problems. 

*  Anon,  To  find  silk  weighting  content,  Textile  World,  vol.  76,  p.  1454,  Sept.  14,  1929. 

*  Unpublished  data  of  the  Technical  Committee  on  Weighted  Silk. 

«  Gnehm,  R.,  and  Biummer,  E..  Met  node  pour  le  dosage  de  la  charges  des  soies  noires,  Rev.  gen.  mat. 
color.,  vol.  2,  pp.  133-134.  April,  1898. 

*  Branegan,  James  A.,  Pratt  leni  analysis  of  methods  for  determination  of  nrt  id  cial  weighting  of  tin  weighted 
silk.  Melliand,  vol.  1,  pp.  735-739,  August,  1929.  Compares  results  obtained  with  several  methods  of 
analysis. 

*  Qnehm,  R.,  Eine  neue  Methode  zur  qunntitativen  Bestitnmung  der  Zinn-Pbosphat-Silicat-Charge  auf 
Seide,  Z.  Furben-Tcxiil-Chem.,  vol.  2,  pp.  209-210.  June  1,  1903. 
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and  finally  with  ether.  It  was  then  immersed  in  boiling  water  and 
finally  dried  in  air  at  room  temperature.  This  silk  is  referred  to  as 
"silk  fibroin"  in  the  experiments  to  be  described. 

The  first  step  in  the  analysis  of  weighted  silk  by  extraction  with 
hydrofluoric  acid  is  the  removal  of  soluble  finishing  materials;  that 
is,  materials  soluble  in  water  or  organic  solvents  that  might  be  ex- 
pected to  be  removed  by  either  wet  washing  or  dry  cleaning.  The 
purpose  is  not  only  to  obtain  a  value  for  the  amount  of  such  materials, 
but  to  expose  the  insoluble  weighting  to  more  ready  attack  in  sub- 
sequent treatments.  Rinsing  of  the  specimen  with  alcohol  and  ether 
to  complete  the  removal  of  soluble  finishing  materials  and  to  expedite 
the  drying  was  found  to  be  unsatisfactory  because  silk  fibroin  maj 
hold  these  solvents  even  when  dried  above  their  boiling  points.  This 
was  demonstrated  in  the  following  experiments. 

Samples  of  silk  fibroin  weighing  about  2.5  g  each  were  dried  to 
constant  weight  (±0.1  per  cent)  in  an  air  oven  at  105°  to  110°  C. 
The  time  required  was  1  to  \%  hours.  Weighings  were  made  at 
one-half  hour  intervals  up  to  five  hours.  These  samples  were  then 
soaked  in  100  times  their  weight  of  distilled  water  at  65°  C.  for  20 
minutes,  rinsed  in  a  fresh  portion  of  distilled  water,  then  in  alcohol 
and  finally  in  ether,  a  procedure  typical  of  those  used  for  soluble 
finishing  materials.  They  were  then  dried  to  constant  weight  as 
before.  The  dry  weight  of  the  samples  thus  treated  was  approxi- 
mately 1.5  per  cent  more  than  the  weight  of  the  original  dry  material. 
The  samples  were  then  immersed  in  boiling  water  and  again  dried. 
After  this  treatment  the  samples  were  found  to  have  returned  to 
their  original  weight.  This  procedure  was  repeated  and  it  was 
clearly  evident  that  when  the  silk  was  rinsed  in  alcohol  and  then  in 
ether  before  drying,  the  weight  of  the  dry  material  was  considerably 
higher  than  when  the  silk  was  rinsed  finally  in  boiling  water.  It  was 
also  found  by  other  experiments  that  the  alcohol  and  ether  could  be 
removed  by  water  at  temperatures  below  boiling.  On  this  evidence, 
the  final  rinse  in  alcohol  and  ether  must  be  Mowed  by  immersion 
of  the  specimens  in  water  before  drying. 

After  removal  of  soluble  finishing  materials,  weighting  is  removed 
in  the  hydrofluoric  acid  method  by  alternate  treatments  of  the  silk 
with  dilute  hydrofluoric  acid  and  dilute  sodium  carbonate  solutions. 
Various  concentrations,  temperatures,  and  times  of  treatment  are 
used  in  different  laboratories.  According  to  the  method  recom- 
mended by  the  Technical  Committee  on  Weighted  Silk,  silk  weighted 
with  tin  phosphate  without  silicate  requires  a  treatment  with  dilute 
hydrochloric  acid  solution  as  well  as  with  hydrofluoric  acid. 

Preliminary  experiments  indicated  that  both  the  concentration 
and  temperature  of  the  reagents  are  extremely  important,  too  drastic 
treatment  materially  affecting  the  silk  fibroin  and  too  mild  treatment 
not  removing  the  weighting  completely.  Further,  a  mixture  of  hydro- 
fluoric and  hydrochloric  acids  8  was  found  to  be  more  efficient  and 
less  harmful  than  the  separate  treatments  with  hydrochloric  and 
hydrofluoric  acids  called  for  in  the  method  of  the  technical  committee. 

The  treatments  which  were  finally  adopted  are  described  in  Section 
III.    The  effects  of  these  treatments  on  silk  weighted  in  several  differ- 

'  Suggested  informally  several  years  ago  by  Dr.  Victor  Froelicher,  chief  chemist,  Textile  Dyeing  Co.  of 
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ent  ways  likely  to  be  encountered  in  practice  •  are  shown  in  Table  1. 
The  amount  of  silk  fibroin  found  by  analysis  of  silk  of  known  weighting 
content  agreed  with  the  amount  present  within  1  per  cent  of  the 
weight  of  the  dry  finished  silk  for  tin  phosphate,  logwood  black,  and 
other  types  of  weighting  as  well  as  for  the  usual  tin-phosphate-silicate 
weighted  silk.  The  average  loss  in  weight  of  eight  samples  of  silk 
fibroin,  when  given  the  treatment  for  removing  weighting,  was  0.49 
per  cent  and  the  maximum  loss  was  less  than  1  per  cent. 

Analyses  of  over  75  samples  of  commercial  weighted  silks  have  been 
made  according  to  the  method  by  several  analysts,  with  excellent 
results.  The  amount  of  dry  silk  fibroin  obtained  in  duplicate  deter- 
minations agrees  well  within  1  per  cent  of  the  weight  of  the  dried 
sample.  The  ash  obtained  by  igniting  the  sample  after  treatment  for 
removal  of  weighting  seldom  exceeds  0.1  per  cent  and  is  usually  very 
much  less  than  this  when  the  silk  is  weighted  with  tin-phosphate- 
silicate. 

Results  of  a  few  analyses  of  commercial  samples  made  independ- 
ently by  analysts  of  two  laboratories  using  different  kind  of  equip- 
ment are  given  in  Table  2.10  Evidently  good  results  may  be  obtained 
without  the  use  of  special  equipment. 


Table  1. — Results  of  analyses  of  weighted  silks 
[Values  are  in  percent  aces  of  the  weight  ot  the  ovendrted  specimen.  Results  of  duplicate  analyses  given! 
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•  The  author  is  indebted  to  Dr.  Victor  Froelichcr  for  the  samples  of  known  weighting  content  representa- 
tive of  the  different  types  of  weighting. 

w  These  results  were  obtained  under  the  supervision  of  Prof.  Paulino  Beery  Mack,  of  the  department  of 
home  economics,  Pennsylvania  State  College. 
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Tablb  2. — Results  of  analyses  by  two  independent  laboratories  on  commercial  silks 
[Values  are  for  allk  fibroin  ei  pressed  as  percentages  of  the  weight  of  the  ovendried  specimen] 
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HI.  A  METHOD  FOR  THE  ANALYSIS  OF  WEIGHTED  SILK 

The  specimen  for  analysis  should  be  representative  of  the  cloth.  A 
strip  the  full  width  of  the  cloth  is  suggested  and  should  weigh  from 
3  to  5  g. 

The  specimen  is  dried  at  105°  to  110°  C.  to  constant  weight  (±0.1 
per  cent).  If  the  specimen  is  loosely  spread  on  a  watch  glass  and 
placed  in  the  usual  laboratory  electric  oven  at  105°  to  110°  C,  it 
should  dry  within  one  and  one-half  hours.  It  is  then  placed  in  a  tared 
weighing  bottle,  allowed  to  cool  in  a  desiccator,  and  weighed.  The 
weight  of  the  dry  specimen  is  called  weight  A. 

Soluble  finishing  materials  are  removed  by  the  following  treatments. 
The  specimen  is  immersed  for  about  two  minutes  each  in  two  30  ml 
portions  of  diethyl  ether  at  room  temperature,  squeezing  by  hand 
after  each  immersion.  Then  it  is  treated  similarly  with  two  30  ml 
portions  of  ethvl  alcohol  at  50°  to  60°  C.  Finally  it  is  immersed  in  90 
to  100  times  its  weight  of  distilled  water  at  65°  to  70°  C.  for  20 
minutes,  squeezed  by  hand,  and  rinsed  by  immersion  for  about  one- 
half  minute  each  in  three  fresh  portions  of  distilled  water  at  the  same 
temperature,  squeezing  by  hand  after  each  immersion.  It  is  then 
dried  at  105°  to  1 10°  C.  as  before.  The  weight  of  the  dry  specimen  at 
this  stage  is  called  weight  B. 

Weight  A  — weight  BxiOO/weight  A  =  soluble  finishing  materials 
in  per  cent  (based  on  the  weight  of  the  dried  specimen). 

The  more  firmly  held  weighting  and  finishing  materials  are  now  re- 
moved bv  the  following  series  of  treatments:  (a)  The  specimen  is 
immersed  in  90  to  100  times  its  weight  of  a  solution  11  containing  2 
per  cent  of  hydrofluoric  acid  and  2  per  cent  of  hydrochloric  acid 
maintained  at  a  temperature  of  55°  C.  ±  1°  C.  The  acid  liquid  is 
decanted  and  the  specimen  is  rinsed  with  two  portions  of  distilled 
water  at  55°  to  60°  C.  squeezing  by  hand  after  each  rinse.    (6)  The 


it  This  reagent  may  conveniently  be  prepared  by  mixing  equal  volumes  of  4  per  cent  (±0.1  per  cent)  hydro- 
fluoric and  4  per  cent  (±0.1  per  cent)  hydrochloric  acids.  High  concentrations  of  mineral  acids  disinte- 
grate silk.  Too  low  a  concentration  may  not  remove  inorganic  materials  sufficiently  well  from  all  types 
of  weighted  silk  fabrics.  For  this  work  the  concentration  of  each  of  the  acids  was  determined  by  titration 
with  a  standard  base.  The  concentrations  given  mean  per  cent  by  weight  of  actual  HF  and  I1C1  (not 
of  the  ordinary  concentrated  acids).  The  reagent  is  approximately  N  with  respec  t  to  HF  and  Nf2  with 
respect  to  UC1. 
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treatment  with  acid  solution  (fresh  solution)  followed  by  rinsing  is 
repeated,  (c)  This  treatment  is  again  repeated  using  a  2  per  cent 
solution  of  sodium  carbonate  in  place  of  the  acid  solution,  (d  and  e) 
The  treatment  with  acid  solution  is  then  applied  two  times  more. 
if)  The  specimen  is  then  rinsed  several  times  with  distilled  water 
and  is  dried  as  previously  described.  The  dry  weight  is  called  weight 
C.  Provided  all  materials  other  than  silk  fibroin  have  been  removed 


Figure  1. — Electrically  heated  oil  bath  for  control  of 
the  temperature  of  the  solutions  during  the  extraction 
process 

1,  level  of  oil  in  the  bath;  2,  metal  cover;  3,  body  of  water  hath  container; 
4,  thermometer;  6.  wall  of  cylinder  to  guide  the  circulating  oil;  6,  elec- 
tric motor;  7,  propeller  blade  for  agitating  the  oil  bath;  8,  glass  insu- 
lated electric  leads  to  heater  coil;  9,  outer  wall  of  metal  container;  10. 
mineral  wool  for  heat  insulation;  11,  inner  wall  of  double-jacketed 
metal  container;  12,  water  bath;  13,  nichrome  wire  heating  coll— 1 
unit  of  a  3  and  1  of  a  4  amp  current  consumption  at  110  v;  14,  800  ml 
Pyrex  beaker,  tall  form;  and  15,  watch  glass  cover. 

(see  suggestions  for  ashing  the  specimen  below),  then:  Weight 
Cx  100/weight  A  =  silk  fibroin  in  per  cent  (based  on  the  weight  of  the 
dried  specimen). 

Weight  A -weight  Cx  100/weight  A  =  total  weighting  in  per  cent 
(based  on  the  weight  of  the  dried  specimen). 
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The  total  weighting  thus  obtained  includes  all  substances  other 

than  silk  fibroin. 

Weighting  is  adequately  re- 
moved from  some  silks  when 
steps  (6)  and  («)  are  omitted,  but 
these  steps  are  necessary  for  the 
complete  removal  of  weighting 
from  others.  It  is  advisable  to 
determine  the  ash  as  a  check  on 
the  effectiveness  of  the  extrac- 
tion. Ashing  is  done  preferably 
by  heating  the  specimen  in  a 
well  ventilated  muffle  furnace. 
If  the  weight  of  the  ash  is  more 

J    L   than  0.2  per  cent  it  should  be 

\  .  J  c         subtracted  from  the  value  ob- 

|_   tained  for  weight  C  in  the  for- 

-  mulas. 

The  simple  oil  bath  showTi  in 
Figure  1  is  a  convenience  if  a 
number  of  analyses  are  to  be 
made.  With  it  the  temperature 
of  the  solutions  can  readily  be 
controlled  to  within  1°  C.  and 
eight  specimens  can  be  handled 
simultaneously. 

When  many  samples  are  to 
be  analyzed  time  may  be  saved 
by  using  a  battery  of  semiauto- 
matic extraction  units.  One  of 
these  units,  constructed  of  thick 
walled  Pyrex  glass,  is  shown  in 
Figure  2.  The  specimens  to  be 
extracted  are  placed  loosely  in 
the  tube,  F. 

Apparatus  of  the  dimensions 
indicated  will  hold  five  speci- 
mens. The  liquid  is  placed  in 
the  1 -liter  flask,  heated  to  the 

§ roper  temperature,  and  the 
ask  is  inverted  in  the  position 
shown  at  A.  The  orifice,  D,  is 
of  such  size  that  15  to  20  min- 
utes are  required  for  the  flask 
to  empty.  The  extraction  is 
not  always  quite  so  thorough 
with  this  apparatus  as  when  the 


Figure  2. — A  semiau- 
tomatic extraction  ap- 
paratus for  analysis  specimens  are  treated  lndivid- 
of  weighted  silk        Ually  in  beakers  in  the  constant 

A,  1,000ml  Erlenmeyer  flask;  temnpratlire  bath 

B,  trap;  C,  outlet  for  liquid  bOI"PW»W*«3  uaui. 
and  inlet  for  air  to  flask  A;       Concentrated  llV< 
D,  capillary  tube  control- 
line  flow  of  liquid;  JEO, 
siphon  tube;  F,  chamber  for 


Figure  3. — A  -pi- 
pette for  transfer- 
ring and  measur- 
ing concentrated 
hydrofluoric  acid 

T,  main  reservoir;  R, aux- 
iliary reservoir;  Af,  cal- 
ibration mark;  O,  suc- 
tion orifice;  and  C, 
Hilary  discbarge 


^drofluoric 
acid  mav  be  measured  with  a 
pipette  like  that  shown  in  Fig- 
ure 3.    Such  a  pipette  may  be  made  of  Pyrex 
glass  and  coated  on  the  inside  by  drawing  melted  ozokerite  into  the 


eapau 
tube. 
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cold  pipette  and  allowing  the  excess  to  drain.  The  acid  is  drawn 
into  the  pipette  by  means  of  a  rubber  tube  attached  at  one  end  to  O 
and  at  the  other  to  the  laboratory  vacuum.  The  acid  may  be  diluted 
and  handled  in  a  Pyrex  beaker  also  coated  on  the  inside  with  ozokerite. 
If  hydrofluoric  acid  comes  in  contact  with  the  skin,  it  should  be 
removed  as  soon  as  possible  by  washing  with  a  solution  of  borax  to 
prevent  burns.  Hydrofluoric  acid  burns  should  be  treated  by  keeping 
the  affected  parts  moist  with  a  saturated  solution  of  borax. 

IV.  QUALITATIVE  TESTS  FOR  INORGANIC  WEIGHTING 

MATERIALS 

The  qualitative  tests  briefly  described  below  provide  for  the  detec- 
tion of  aluminum,  lead,  phosphate,  silicate,  tin  and  zinc  when  any 
one  or  all  are  present.  They  are  based  upon  those  described  in  text- 
books 12  of  chemical  analysis  and  were  chosen  for  reliability,  conven- 
ience as  to  length  of  time  required,  and  simplicity  of  manipulation. 
The  tests  are  useful  only  for  the  detection  of  substances  commonlv 
used  for  weighting  according  to  present  practices.  When  small 
amounts  of  these  substances  are  to  be  detected  or  additional  or  in- 
terfering ones  are  suspected  of  being  present,  the  analyst  should  con- 
sult the  references  given  in  footnote  12. 

Detection  of  inorganic  materials  in  silk. — Inorganic  weighting  ma- 
terials are  conveniently  detected  by  burning  a  small  piece  of  the 
fabric.  The  ash  will  retain  the  form  of  the  original  threads  if  the 
material  has  been  weighted  with  inorganic  materials.  A  sample  that 
is  not  thus  weighted  will  curl  back  upon  itself  as  it  is  burned  and  leave 
a  soft  black  globular  ash. 

Identification  of  inorganic  weighting  materials — (a)  Preparation  of 
the  sample. — A  piece  about  4  by  10  mches  is  thoroughly  wet  with  a 
solution  contaimng  90  g  of  anhydrous  sodium  carbonate  and  90  g  of 
anhydrous  potassium  carbonate,  dissolved  in  400  ml  of  water.  It  is 
suspended  over  a  beaker  containing  30  ml  of  dilute  (approximately 
10  per  cent)  hydrochloric^acid  solution  and  partially  dried  by  brushing 
the  flame  of  a  hand  torch  or  Bunsen  burner  across  it.  It  is  then 
ignited  by  directing  the  flame  on  the  lower  edge.  The  fused  portions 
are  allowed  to  drop  into  the  acid  in  the  beaker. 

(6)  Silica. — If  silicates  are  present,  a  white  flocculent  precipitate 
is  formed  when  the  acid  solution  from  (a)  is  boiled.  The  solution  is 
decanted  and  filtered  and  the  residue  in  the  beaker  digested  with 
about  10  ml  of  warm  concentrated  hydrochloric  acid  for  about  15 
minutes;  this  acid  is  poured  through  the  filter  paper  and  added  to  the 
filtrate,  which  is  boiled  with  5  ml  of  concentrated  nitric  acid,  cooled 
neutralized  with  sodium  hydroxide  (25  per  cent  solution)  and  enough 
hydrochloric  acid  added  to  produce  a  clear  solution.  The  solution  is 
used  for  tests  (c)  to  (g)  described  below. 

(c)  Lead. — About  3  ml  of  the  solution  is  neutralized  with  sodium 
hydroxide  using  phenolphthalein  as  an  indicator.  The  solution  is 
then  made  just  acid  with  hydrochloric  acid  and  about  1  ml  of  water 
saturated  with  hydrogen  sulphide  is  added.    If  lead  is  present,  a  gray 

»  Prescott,  Albert  B.,  and  Johnson,  Otis  C,  Qualitative  Chemical  Analysis,  7th  ed.,  thoroughly  revised 
436  pp.,  101A.  D.  Van  Nostran  i  Co.,  New  York.  Scott,  Wilfred  W„  Standard  MethodBof  Chemical 
Analysis,  4th  ed.,  vol.  1, 745  pp.,  1925.  D.  Van  Noetrand  Co.,  New  York.  H Ulebrand,  W.  F., and  Lundell, 
O.  E.  F..  Applied  Inorganic  Analysis,  929  pp.,  1929.  John  Wiley  &  Sons  (Inc.),  New  York 
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to  black  coloration  is  produced.  (A  yellow  precipitate  indicates  the 
presence  of  tin.)  If  the  sample  of  silk  to  be  tested  is  light  in  color, 
it  may  be  tested  directly  for  lead  by  moistening  it  with  water  and 
exposing  it  to  a  iet  of  hydrogen  sulphide  gas.  A  change  to  gray  or 
black  indicates  toe  presence  of  lead. 

(d)  Aluminum. — To  about  3  ml  of  the  solution,  K  nil  of  a  saturated 
solution  of  ammonium  chloride,  %  ml  of  alizarin  (prepared  by  dis- 
solving 0.1  g  of  the  dye,  Colour  Index  No.  1034  in  distilled  water), 
and  an  excess  of  ammonium  hydroxide  are  added.  The  mixture  is 
heated  to  boiling,  an  excess  of  glacial  acetic  acid  is  added,  and  the 
mixture  diluted.  A  red  flocculent  precipitate  denotes  the  presence  of 
aluminum. 

(e)  Tin. — About  2  ml  of  the  solution  is  neutralized  with  25  per  cent 
sodium  hydroxide  and  about  five  drops  in  excess  added.  Tne  solu- 
tion is  filtered,  the  filtrate  acidified  with  hydrochloric  acid,  and  a  few 
drops  of  a  1  per  cent  water  solution  of  cupferron  added.  A  white 
precipitate  indicates  the  presence  of  tin. 

(0  Zinc. — About  3  ml  of  the  solution  is  neutralized  with  25  per  cent 
sodium  hydroxide,  enough  hydrochloric  acid  and  water  are  added  to 
produce  a  clear  solution,  and  about  %  ml  of  a  2  per  cent  solution  of 
potassium  ferrocyanide  is  then  added.  A  white  precipitate  indicates 
the  presence  of  zinc. 

(g)  Phosphate. — About  2  ml  of  the  solution  is  neutralized  with 
sodium  hydroxide  and  the  resulting  solution  is  acidified  with  nitric 
acid.  It  is  heated  and  then  added  to  an  equal  volume  of  hot  acid 
ammonium  molybdate.  A  lemon  yellow  precipitate  is  formed  on 
standing  if  phosphates  are  present. 

Washington,  July  25,  1932. 
141809—32  7 
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THE  HEAT  OF  FORMATION  OF  HYDROGEN  CHLORIDE 
AND  SOME  RELATED  THERMODYNAMIC  DATA 

By  Frederick  D.  Rossini 


ABSTRACT 

The  calorimetric  experiments  of  the  present  investigation  give  for  the  change 
in  heat  content  associated  with  the  formation  of  gaseous  hydrogen  chloride  from 
its  elements,  at  a  constant  pressure  of  1  atmosphere,  A/f°jw.i  =  —92.30  ±0.05 
international  kilojoules  mole-1,  or  —  22,063  ±  12  g-cal.u  mole"*1. 

The  existing  data  on  the  free  energy  and  entropy  of  formation  of  gaseous  hydro- 
gen chloride  are  shown  to  be  in  accord,  within  the  limits  of  uncertainty,  with  the 
above  result.  This  correlation  consists  in  bringing  together  (1)  data  on  the  emf 
of  certain  cells,  (2)  data  on  the  vapor  pressure  of  hydrogen  chloride  over  its 
aqueous  solution  and  tiie  activity  of  aqueous  hydrogen  chloride,  and  (3)  values  of 
entropy  which  have  been  calculated  from  the  data  of  spectroscopy. 

Values  of  the  apparent  and  partial  molal  heat  capacity,  and  heat  content,  for 
hydrogen  chloride,  and  of  the  partial  molal  heat  capacity,  and  heat  content,  for 
water,  in  aqueous  solution  of  hydrogen  chloride  at  25°  C,  are  given  for  the  entire 
range  of  concentration. 

The  change  in  heat  content  associated  with  the  solution  of  1  mole  of  gaseous 
hydrogen  chloride  in  an  infinite  amount  of  water  is  calculated  to  be  AH  n».i  = 
—  17,880 ±40  g-cal.u  mole 

The  change  in  heat  content  for  the  formation  of  silver  chloride  from  its  ele- 
ments is  given  by:  A//0MB.j=  —30,304  ±40  g-cal.u  mole-1.  For  mercurous  chloride 
the  corresponding  value  is  A//°2M.i=  —31,580 ±45  g-cal.u  mole-1. 

The  change  in  heat  content  for  the  formation,  from  its  elements,  of  aqueous 
hydrogen  chloride  at  infinite  dilution  is  given  by:  A//°»8.i=  —39,943 ±40  g-cal.u 
mole-1. 

The  free  energy  of  formation  of  gaseous  hydrogen  chloride  is  calculated  to  be 
AP°m.i  =  —  22,775 ±  12  g-cal.u  mole-'. 

The  entropy  of  aqueous  hydrogen  chloride,  in  a  hypothetical  1  molal  solution,  is 
calculated  to  be:  Shm.i  =  13.40 ±0.15  g-cal.u  mole"1  0C.-». 
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I.  INTRODUCTION 

It  has  seemed  desirable  for  a  number  of  years  that  a  new  measure- 
ment be  made  of  the  heat  of  formation  of  hydrogen  chloride,  a  funda- 
mentally important  chemical  substance  because  it  is  one  of  the 
components  of  a  number  of  chemical  reactions  having  industrial 
and  scientific  importance,  and  because  the  value  of  its  heat  of  forma- 
tion is  used  in  computing  the  heats  of  formation  of  practically  all  the 
metallic  chlorides  and  of  numerous  other  compounds. 

The  usually  accepted  value  for  the  heat  of  formation  of  gaseous 
hvdrogen  chloride  is  based  upon  the  work  of  Thomsen  1  in  1873. 
The  pioneer  work  of  Abria,2  and  of  Favre  and  Silbermann,8  gave 
values  that  are  now  obviously  too  high.  The  work  of  Berthelot  * 
is  difficult  to  appraise  because  of  the  lack  of  information  concerning 
his  experiments. 

In  effect,  then,  there  is  only  one  calorimetric  investigation  of  the 
heat  of  formation  of  hydrogen  chloride  whose  detailed  data  are 
available  for  appraisal  and  recalculation,  and  that  work  was  performed 
60  years  ago. 

An  accurate  calorimetric  value  of  the  change  in  heat  content,  AH, 
for  the  reaction 

(gas)  +  KCla  (gas)  =  HC1  (gas)  (1 ) 

is  unusually  interesting  because  of  the  opportunity  it  affords  for  corre- 
lating the  thermodynamic  data  on  this  reaction  by  means  of  the 
relation  5 

All°  =  AF°  +  TAS°  (2) 

where  AF°  and  AS°  are,  respectively,  the  free  energy  and  entropy  of 
formation.  The  value  of  AS°  is  accurately  known  from  the  data  of 
spectroscopy; e  and  the  value  of  AF°  is  obtained  by  combining  data 
on  the  emf  of  cells  and  the  vapor  pressure  of  hydrogen  chloride  over 
its  aqueous  solution.7  Thus  there  is  the  interesting  situation  where 
the  values  of  A//°,  AF°,  and  AS°  for  the  same  reaction  are  obtained 
from  totally  independent  sources: 

AH°,  from  calorimetric  measurements; 

AS°,  from  spectroscopic  data;  and 

AF°,  from  emf  and  vapor-pressure  data. 


«  Thomsen.  J.,  Pogg.  Ann.,  vol.  148,  p.  177,  1873. 
1  Abria,  Compt.  rend.,  vol.  22,  p.  372,  1840. 

1  Favre,  P.  A.,  and  Silbermann,  J.  T.,  Ann.  eblin.  phys.,  vol.  34,  p.  357,  1852. 
4  Berthelot,  M„  Thermochiinic  (Oauthier-VUlara,  Paris),  1807. 

•The  thermodynamic  symbols  used  in  this  paper  will  follow  the  nomenclature  of  I>ewis  and  Randall, 
Thermodynamics  and  the  Free  Energy  of  Chemical  Substances  (McGraw-Hill  Book  Co.,  New  York). 
1923. 

•  Qiauque,  W.  F.,  and  Overstreet,  R.,  J.  Am.  Chem.  Soc.,  vol.  54,  p.  1741,  1032. 
'  Randall,  M.,  and  Young.  L.      J.  Am.  Chem.  Soc.,  vol.  50,  p.  889,  192*. 
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These  data  should  all  agree,  according  to  equation  (2),  within  the 
limits  of  uncertainty  of  the  weakest  link  in  the  chain. 

Another  interesting  correlation  can  be  made  on  the  change  in  heat 
content  for  reaction  (1)  and  the  following: 


For  reaction  (3)  A//°  can  be  computed  from  data  on  the  temperature 
coefficient  of  the  emf  of  cells,  and  for  reaction  (4)  it  is  known  from 
direct  calorimetric  measurements.  The  sum  of  the  changes  in  heat 
content  for  reactions  (1)  and  (4)  should  agree,  within  the  limits  of 
uncertainty,  with  the  value  of  AH°  for  reaction  (3).  For  this  cor- 
relation there  are  required  values  of  the  apparent  and  partial  molal 
heat  content  of  hydrogen  chloride  in  aqueous  solution  to  infinite 
dilution,  and  tho  heats  of  formation  of  silver  chloride  and  mercurous 
chloride. 

With  accurate  values  available  for  AH°  and  AF°  it  becomes  possible 
to  compute  AS°  for  reaction  (3),  and  consequently  to  obtain  an 
accurate  value  of  the  entropy  of  aqueous  hydrogen  chloride  in  its 
standard  state  of  a  hypothetical  1  molal  solution.  This  quantity 
serves  as  a  basis  for  the  calculation  of  the  entropies  of  aqueous  ions 
according  to  the  methods  used  by  Latimer  and  his  coworkers.8 

II.  UNITS,  FACTORS,  ATOMIC  WEIGHTS,  ETC. 

The  fundamental  unit  of  energy  employed  in  the  present  calori- 
metric experiments  is  the  international  joule  based  upon  standards 
of  emf  and  resistance  maintained  at  this  bureau.9 

The  conversion  factors  used  throughout  this  paper  are: 

1  international  joule    - 1 .0004  absolute  joules 
1  g-cal.,s  =4.185  absolute  joules 

R  (gas  constant)         =  1.  9869  g-cal.15  °C_1 
F  (Faraday  constant)  =  23,067  g-cal.i5  (international  volt- 
equivalent)"1 

The  atomic  weights  of  hydrogen  and  chlorine  are  taken  from  the 
1932  report  of  the  International  Committee  on  Atomic  Weights:10 
H,  1.0078;  CI,  35.457. 

III.  CALORIMETRIC  DETERMINATION  OF  THE  HEAT  OF 
FORMATION  OF  HYDROGEN  CHLORIDE 


The  same  calorimetric  method  and  apparatus  as  were  employed  in 
determining  the  heat  of  formation  of  water  were  used  in  the  present 
investigation,11  with  the  exception  that  an  automatic  photo-electric 
regulator  was  used  to  maintain  the  temperature  of  the  jacket  constant 


•  Latimer.  W.  M  .  Rod  Ahlbere.  J.  A.,  J.  Am.  Chem.  Soc..  vol.  54.  p.  1800, 1832.  References  to  the  earlier 
publications  are  given  in  this  paper. 

•  For  a  report  on  the  International  comparison  of  electrical  standards,  see  Vinal,  O.  W.,  B.  S.  Jour.  Re- 
nearch,  vol.  8,  p.  44S,  1932. 

•J.  Am.  Chem.  Soc.,  vol.  M,  p.  1268,  1832. 

»  Rossini,  V.  IX,  H.  3.  Jour.  Keseareh,  vol.  6,  p.  1.  1931;  vol.  7,  p.  328,  1631.  The  flow  meters  were 
removed  from  their  previous  positions  and  placed  in  the  waste  lines. 


KH2  (gas)  +  KOa 
HCl  (gas) 


(gas)  =  HCl  (aqueous) 
=  HCl  (aqueous) 


(3) 
(4) 


1.  METHOD  AND  APPARATUS 


Digitized  by  Google 


682  Bureau  of  Standards  Journal  oj  Research  [va.9 

to  ±0.001°  C.12  A  platinum  resistance  thermometer,  placed  under 
the  stirrer  and  heater  in  the  water  of  the  calorimeter  jacket,  served  as 
one  arm  of  a  Wheatstone  bridge  whose  unbalancing  caused  a  shifting 
of  a  beam  of  light  (reflected  from  a  galvanometer  mirror)  on  or  off  the 
photo-electric  cell,  which  resulted  in  actuation  of  the  relay  and  con- 
sequent stopping  or  starting  of  the  regulatory  flow  of  electrical 
current  through  the  heater  of  the  calorimeter  jacket. 

The  calorimetric  method  is  substantially  the  same  as  that  of  Thom- 
sen.  Chlorine  is  burned  in  an  atmosphere  of  hydrogen,  and  the 
amount  of  reaction  is  determined  from  the  mass  of  hydrogen  chloride 
formed. 

2.  CHEMICAL  PROCEDURE 
(a)  CHLORINE 

Pure  chlorine  was  obtained  by  decomposing  potassium  chloroplati- 
nate  which  was  carefully  prepared  from  pure  platinum,  potassium 
chloride,  and  hydrochloric  acid  according  to  the  procedure  recom- 
mended by  Noyes  and  Weber  13  in  their  work  on  the  atomic  weight  of 
chlorine.  The  following  reactions  indicate  the  nature  of  the  process 
used  in  the  present  investigation : 

Pt  (solid) +  6  HC1  (aqueous)  =H2PtCle  (aqueous) +  2  H2  (gas)  (5) 

H2PtClfl  (aqueous)  +  KC1  (aqueous)  =  K2PtCl«  (solid)  +  2  HC1 

(aqueous)  (6) 

K2PtCl„  (solid)  -  2  KC1  (solid)  +  Pt  (solid)  +  2  Cl2  (gas)  (7) 

Each  of  the  above  reactions  is  practically  complete  and  not  com- 
plicated by  any  side  reaction.  The  required  reagents,  platinum, 
potassium  chloride,  and  hydrochloric  acid,  are  obtainable  m  a  very 
pure  state. 

Pure  platinum  was  obtained  from  the  platinum  metals  section  of 
this  bureau.  It  had  been  prepared  according  to  the  methods  de- 
scribed by  Wichers,  Gilchrist,  and  Swanger.u 

The  potassium  chloride  was  made  by  recrystalhzing  twice  the  best 
"reagent  quality"  potassium  chloride.  The  most  probable  impurity 
in  this  material  would  be  bromine,  and  tests  indicated  that  this  was 
present  to  the  extent  of  1  mole  in  50,000  moles  of  potassium  chloride.14 

Aqueous  hydrogen  chloride  was  obtained  by  treating  the  best 
"reagent  quality"  hydrochloric  acid  with  chlorine  (made  bv  the 
action  of  hydrogen  chloride  upon  potassium  permanganate)  and  then 
boiling  off  the  dissolved  chlorine.  Tests  of  this  aqueous  hydrogen 
chloride  indicated  that  the  bromine  present  must  have  been  less  than 
1  mole  in  100,000  moles  of  hydrogen  chloride. 

The  preparation  of  the  chloroplatinic  acid  was  carried  out  in  the 
electrolytic  cell  of  Weber,  according  to  his  directions,  except  that  a 
current  of  6  to  7  amperes  instead  of  10  was  used.16 


»  This  regulator  was  of  the  type  that  has  been  described  quite  frequently  in  the  past  few  years  (see  for 
example  (a,>  Southard,  J.  C,  and  Andrews,  D.  H.,  J.  Frank.  Inst.,  vol.  207,  p.  323,  1028;  (ft)  Scott,  R.  B., 
and  Brickwedde,  F.  O.,  B.  8.  Jour.  Research,  vol.  ft,  p.  401,  1931;  (c)  Beattie,  J.  A.,  Rev.  8d.  Inst.,  vol.  2, 
p.  458.  1081).  The  author  is  indebted  to  E.  N.  Bunting  for  assembling  the  circuit  of  vacuum  tubes,  photo- 
electric cell,  and  relay. 

"  (a)  Noyes,  W.  A.,  and  Weber.  H.  C.  P..  J.  Am.  Chem.  Soc.,  vol.  30,  p.  13,  1908;  B.  8.  Bull,,  vol.  4, 
p.  M5,  1907-8.    (ft)  Weber,  n.  C.  P.,  J.  Am.  Chem.  Soc,  vol.  30,  p.  29,  1908;  B.  8.  Bull.,  vol.  4.  p.  365, 1907-8. 

«<  Wichers,  E.,  Gilchrist,  R.,  and  Swanger,  W.  H.,  Trans.  Am.  Inst.  Mining  Met.  Eng.,  vol.  7ft,  p.  602, 
1928. 

"  The  tests  for  bromine  were  made  according  to  Noyes,  A.  A.,  Qualitative  Chemical  Analysis  (Macmillan 
Co.,  New  York,  N.  Y.),  1925. 

'*  The  construction  of  the  electrolytic  cell  had  been  improved  by  Edward  Wichers,  and  the  author  is 
penMy  indebted  to  him  for  his  advice  with  regard  to  the  preparation  of  the  chlorine  used  in  the  present 
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The  potassium  chloroplatinate  was  made  according  to  reaction  (6), 
following  the  directions  of  Noves  and  Weber  except  that  the  salt  was 
washed  with  water  only.  The  potassium  chloroplatinate  was  then 
placed  in  an  oven  at  110°  C.  for  several  days  to  remove  most  of  the 
moisture. 

For  carrying  out  reaction  (7)  the  apparatus  shown  in  Figure  1  was 
used.  A  is  the  furnace  with  electrical  resistance  heater;  B  is  a  silica 
flask  containing  the  potassium  chloroplatinate;  <?is  a  silica  to  Pyrex- 
glass  seal  ;  D  is  a  trap  for  catching  any  potassium  or  platinum  chlorides 
which  might  be  volatilized;  Eis  a  condensing  tube  for  collecting  the 
chlorine;  Q  is  a  connection  to  the  vacuum  system,  which  consists  of  a 
mercury  vapor  pump  (properly  trapped  with  liquid  air)  backed  by 
an  oil  vacuum  pump;  K  is  a  vacuum-tight  Pyrex  glass-to-copper 

I 


FiauRE  1. — Apparatus  for  preparing  pure  ehlorine 
The  description  is  given  in  the  text 

seal;  F  is  the  Monel-metal  container,  having  a  Monel-metal  dia- 
phragm valve,  in  which  the  chlorine  was  finally  stored. 

The  potassium  chloroplatinate  was  heated  to  about  300°  C.  and 
the  system  kept  evacuated  to  0.0001  mm  mercury  for  about  three 
days.  This  was  done  to  remove  the  last  traces  of  water  and  hydrogen 
chloride  from  the  solid.  Then  the  constriction  at  H  was  sealed  off. 
The  flask  B  was  heated  to  about  750°  C.  and  liquid  air  placed  around 
the  condensing  tube  E  where  chlorine  slowly  began  to  collect  as  a 
solid.  When  chlorine  no  longer  came  over,  the  constriction  at  J  was 
sealed  off.  The  solid  chlorine  in  E  was  liquefied  and  then  distilled 
into  the  container  F,  the  lower  end  of  which  was  cooled  with  liquid  air. 
When  all  but  a  small  amount  of  the  chlorine  was  collected  in  F,  the 
valve  N  was  closed  and  the  glass  system  was  broken  at  M.  The 
chlorine  container  F  was  then  sealed  to  the  glass  lino  leading  to  the 
calorimeter. 
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A  sketch  of  the  chlorine  container  and  valve 
is  shown  in  Figure  2.  A  is  the  cylindrical 
body  of  the  container.  The  end  plugs  B  and  C 
are  screwed  and  silver  soldered  in  place.  The 
connecting  tube  D  is  screwed  and  silver  sol- 
dered to  the  plug  C  and  tightly  connected  to 
the  valve  F  by  means  of  the  metal-to-metal 
connection  at  E.  The  valve  F,  which  has  a  sil- 
ver diaphragm  and  in  which  closures  are  made 
with  Monel  metal  to  silver  seats,  is  one  of  the 
type  used  in  the  calorimetric  researches  on 
steam  by  Osborne,  Stimson,  and  Fiock.17  G  is 
the  exit  tube  which  is  lead  soldered  to  the 
body  of  the  valve.  The  parts  A,  B,  C,  D,  Ft 
and  6  are  all  made  of  Monel  metal.  The  short 
|-p  copper  tube  H  is  lead  soldered  to  the  tube  Q.l% 
At  J  is  a  vacuum-tight  seal  of  Pyrex  glass  to 
copper. 

In  order  to  select  the  material  of  which  the 
container  and  valve  were  to  be  made,  an  exper- 
iment was  made  to  determine  the  relative  reac- 
tivity of  gaseous  chlorine  to  various  metals. 
In  one  end  of  a  Pvrex  glass  inverted  U  tube 
(about  12  by  12  inches)  were  placed  pieces 
of  platinum,  silver,  Monel  metaf,  steel,  brass, 
and  phosphor  bronze.  To  the  other  end  of 
the  U  tube  was  sealed  a  small  quartz  tube 
containing  a  small  amount  of  potassium  chlo- 
roplatinate.  The  entire  tube  was  evacuated 
to  a  pressure  of  about  2  mm  of  mercury,  and 
the  potassium  chloroplatinate  was  then  decom- 
posed to  give  a  pressure  of  1  to  2  atmospheres 
of  chlorine  in  the  tube  (which  probably  con- 
tained also  a  very  small  amount  of  water  va- 
por). After  a  period  of  about  six  months, 
visual  inspection  of  the  tube,  which  had  been  at 
room  temperature,  showed  that  the  platinum 
and  Monel  metal  were  apparently  unaffected 
by  the  chlorine,  the  silver  and  brass  were  very 
slightly  coated  with  chloride,  and  the  phos- 
phor bronze  and  steel  showed  considerable 
evidence  of  reaction.  When  at  the  end  of  the 
first  series  of  reaction  experiments,  which  are 
to  be  described  later,  the  Monel-metal  valve 
was  taken  apart,  the  silver  diaphragm  and 
seat,  as  well  as  the  Monel-metal  surface  of 
the  interior  of  the  valve,  were  found  to  have 
been  unaffected  by  the  chlorine. 

1  Osborne,  N.  S.,  Stimson,  H.  F.,  and  Fiock,  E.  F.,  B.  8.  Jour. 
Research,  vol.  6,  p.  411, 1030.  The  success  of  the  present  experimental 
investigation  was  In  law  measure  due  to  having  a  suitable  con  turner 
and  valve  for  bandllnR  the  chlorine,  and  the  writer  is  greatly  indebted 
to  the  heat  measurements  section  for  the  loan  of  the  Monel-nielal  dia- 
Figure  2. — Chlorine  con-  phragm  valve  and  the  Monel-metal  tube  from  which  the  container 

tainer  xcith  diaphragm  valve  ™ yh\du-Mofleftdsnld„^^  thecom- 

The  description  isgiven  in  the  text,   paratively  volatile  stanuicchloride. 
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(b)  HYDROGEN 

The  hydrogen  used  in  the  present  investigation  was  taken  from  a 
cylinder  of  commercial  electrolytic  hydrogen.  Oxygen  was  removed 
from  this  gas  by  passage  through  a  tube  containing  asbestos,  impreg- 
nated with  palladium,  and  quartz,  impregnated  with  platinum,  at 
about  500°  C.  Before  entering  the  calorimeter,  the  gas  then  passed 
successively  through  "Ascarite"  (a  sodium-hydroxide  asbestos  mix- 
ture), "Denydrite"  (Mg(C104)a-3H20),  and  phosphorus  pentoxide. 

Analyses  of  the  hydrogen  gas  as  it  would  enter  the  reaction  chamber 
were  made  by  the  gas  chemistry  section.  That  part  of  the  gas  which 
was  noncombustibie  with  oxygen  was  found  to  be  0.0  ±0.1  per  cent. 
A  test  for  the  presence  of  carbon  compounds  in  the  hydrogen  was 
made  by  burning  it  with  a  special  sample  of  oxygen lQ]  and  testing  the 
exit  gases  for  carbon  dioxide.    None  was  found. 

(e)  DETERMINATION  OP  THE  AMOUNT  OP  REACTION 

The  amount  of  reaction  in  each  combustion  experiment  was  deter- 
mined by  absorbing  the  hydrogen  chloride  in  "Ascarite." 

With  the  absorber  filled  with  hydrogen  at  1  atmosphere  and  25° 
C,  and  with  brass  weights  in  air,  the  true  mass  K  of  hydrogen  chloride 
absorbed  is 

m^co  =0.99991 Am  (8) 

where  Am  is  the  observed  increase  in  weight  of  the  absorber,  corrected 
for  the  small  amount  of  unburned  chlorine  which  was  also  absorbed. 
The  determination  of  this  latter  quantity  is  described  on  page  686  of 
this  paper. 

In  its  passage  from  the  container  to  the  reaction  chamber,  the  chlo- 
rine traversed  one  2- way  stopcock,  which  served  to  permit  wasting 
immediately  before  the  ignition  ana  after  the  extinction  of  the  flame, 
and  two  small  ground-glass  joints.  Phosphoric  acid  was  used  to 
lubricate  the  stopcock  and  the  two  ground  joints,  the  latter  being 
lubricated  anew  for  each  experiment.  With  hydrogen  gas  flowing 
through  the  stopcock  and  ground  joints  so  lubricated,  a  carefully 
weighed  absorber  connected  to  the  exit  end  of  the  reaction  chamber 
showed  constancy  of  weight  (±0.1  mg  per  experiment,  which  is  1 
part  in  50,000). 

The  two  ground  joints  on  the  exit  side  of  the  reaction  chamber 
were  lubricated  with  the  same  lubricant  as  previously  used  for  non- 
reactive  eases.  In  order  to  make  sure  that  the  lubricant  on  these 
two  small  ground  joints  would  take  up  no  appreciable  amount  of 
hydrogen  chloride,  the  lubricant,  spread  over  a  large  area,  was  ex- 
posed to  hydrogen-chloride  gas  for  the  time  of  a  calorimetric  reaction 
experiment,  and  its  change  in  weight  determined.  It  was  calculated 
that  under  the  conditions  of  a  calorimetric  reaction  experiment,  the 
amount  of  hydrogen  chloride  taken  up  by  the  lubricant  on  the  two 
ground  joints  was  about  0.03  mg,  or  1  part  in  200,000. 

Several  experiments  were  made  to  determine  the  completeness  of 
the  removal,  by  the  "Ascarite,"  of  hydrogen  chloride  from  the  gas 
leaving  the  reaction  vessel.  In  one  experiment  a  concentrated 
aqueous  solution  of  silver  nitrate  was  placed  beyond  the  absorber. 

»8«efootDot6  11,  p.  881 
*  See  footnote  11.  p.  Ml. 
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In  another  experiment  a  second  absorber,  carefully  weighed,  was 
placed  in  series  with  the  first  absorber.  In  both  these  experiments 
no  hydrogen  chloride  passed  the  first  absorber  with  the  gas  flowing: 
at  three  or  four  times  the  rate  actually  used  in  the  calorimetric 
experiments. 

3.  CALORIMETRIC  PROCEDURE 
(a)  ELECTRICAL  ENERGY  EXPERIMENTS 

These  experiments  were  performed,  as  nearly  as  possible,  over  the 
same  temperature  range  and  with  the  same  rate  of  temperature  rise 
as  the  combustion  experiments.  The  description  of  the  procedure  for 
the  electrical  energy  experiments  has  already  been  given.31 

The  results  of  the  electrical  energy  experiments  are  given  in 
Table  1.    The  "error,"  computed  23  as 


±2Vfe^,is±0014  percent 


Table  1.— Calorimetric  results  of  the  electrical  energy  experiment*  for  hydrogen 

chloride 


Experi- 
ment No 

AH 

* 

K 

U 

Af 

«CIT. 

Aver- 
age 
tem- 
pera- 
ture 

Elec- 
trical 
energy' 

Mass  of 
calorim- 
eter 
water 

Elec- 
trical 
equiva- 
lent of 
calorim- 
eter 
system* 

Devia- 
tion 
from 

1  

2  

oh  m 

0.  10033* 

,ww» 

.  1010)9 
.  0'.  1951 5 

win. -1 
0.  0O1V70 
.001945 
.001934 
.001M7 
.OOltftti 
.  00196* 

min.  -> 
-0.  0OO00S4 

-.0000035 

ohm 
0.002819 

.oovsio 

.  0027 S3 
.  002577 
.002617 
.  002035 

ohm 
-0.  000235 
-.00009* 

.  O0O067 

,00003<> 
-.0000*3 

.00000* 

8  c. 

0.  97011 

.  ',<fi55 1 
.  97455 
.  W.-25 
.9007  J 
. 95975 

0  C. 
30.00 
30.  0() 
30.00 
29.09 
29  99 
29  W 

Int. 
joules 
U.9S8.3 
14.  884.  0 
15.009.2 
14.  832.  4 
14,841.5 
14.811.  1 

3.  620.  53 
3.014.38 
3,011  53 
3.614.38 
3,021.98 
3.017.38 

Int. 
jotUtt 

°  c.  -1 

15. 359.1 
15.354.7 
15, 353.1 
15,354  3 
15,  356.  8 
15,359.7 

s  c.-» 

2.7 
-1.7 
-3.3 
-1.9 
.6 

3.5 

•A  

4  

5  

6  .. 

.  0000024 

.01)000!  5 
-.  0UU0O32 
.  0000003 

15,356.3 

±2  3 

•  The  time  of  electrical  energy  input  was  1,320.00  second*  in  experiments  1 ,  2,  and  3,  and  1,200.00  seconds  In 
experiments  4,  5,  and  8. 

*  Corrected  to 3,000.00 g of  water  and  an  average  temperature  of  30.00*  C. 

(b)  FIRST  SERIES  OF  REACTION  EXPERIMENTS 

The  amount  of  chlorine  unburned  during  the  time  of  ignition  and 
extinction  of  the  flame,  was  determined  in  "correction"  experiments 
which  consisted  in  ignition,  burning  for  one  or  two  seconds,  and  then 
extinction  of  the  flame.  The  following  data  were  required:  (1)  The 
increase  in  mass  of  the  absorber,  (2)  the  total  energy  imparted  to 
the  calorimeter  by  the  reaction  and  the  sparking  operation  (deter- 
mined from  the  corrected  temperature  rise  of  the  calorimeter  and  its 
electrical  energy  equivalent),  and  (3)  the  "spark"  energy. 

The  "spark"  energy  was  determined  in  two  separate  experiments 
to  bo  10.3  ±0.1  joules  for  each  sparking  time  of  five  seconds.  From 
the  energy  imparted  to  the  calorimeter  by  the  reaction,  which  was 
the  total  energy  less  the  "spark"  energy  and  the  "eas"  energy,"3 
the  amount  of Ttvydrogen  chloride  formed  was  calculated.    The  differ- 

«  See  footnote  11,  p.  681.  "See footnote  11, p. 081.  »  See  footnote  11,  p.  081. 
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ence  between  the  mass  actually  taken  up  by  the  absorber  and  the 
mass  of  hydrogen  chloride  formed  gave  mcl,  the  mass  of  unburned 
chlorine. 

In  the  first  series  of  reaction  experiments  the  chlorine  which  was 
in  the  burner  tube  at  the  time  the  flow  of  chlorine  was  cut  off  was 
not  burned  out,  and  consequently  the  value  of  mCi  for  these  experi- 
ments is  relatively  large,  being  about  one-half  per  cent  of  the  total 
mass  absorbed.  The  results  of  the  "correction"  experiments  of  the 
first  series  to  determine  the  value  of  mC\  are  given  in  Table  2. 


Table  2. — Calorimetric  results  of  the  correction  experiments  for  hydrogen  chloride, 

first  series 


Experiment  No. 

Number  of 
ignitions 
and  extinc- 
tions of 

Total 
mass  ab- 
sorbed 

Total 
energy 

"Spark" 
energy 

"Gas" 
energy 

Mass  of 
HC1 

ttici  per 
experi- 
ment 

8 
3 
3 

9 

0. 3749 
.1308 
.1408 

int.  Joules 
473. 1 
134.3 
156.5 

joule  t 
82.4 
30.9 
30.0 

joules 
-2.0 
.3 
.4 

9 

0. 1551 
.0411 

.0498 

9 

0.0275 
.0299 
.0303 

b  

Mean  



.0292 

The  calorimetric  results  of  the  first  series  of  reaction  experiments 
are  given  in  Table  3.  All  the  symbols  are  defined  and  explained  in 
an  earlier  paper.*4  The  only  change  from  previous  procedure  was 
that  the  chlorine  gas  coming  from  the  Monel  metal  container  passed 
through  a  coil  (about  9  feet  long)  of  glass  tubing  immersed  in  a  water 
bath  maintained  at  the  temperature  of  the  room. 


Table  3. — Calorimetric  results  of  the  reaction  experiments  for  hydrogen  chloride, 

first  series 


EijxTinicnt  No. 

AH 

k 

1 

7/nfi-1  ; 

0.  00  ■ 

,  OHI'.J.-.T 

u 

K 

V 

AW 

Average 
temper- 
ature 

A  

;  o.  trmrn 
.  i/V.Vjr* 

oh  m  771 1 11 " 1 

1*100040 

.0000001 

ohm 

o.  002473 
.002401 

,  002422 

ohm 
0.000106 
-.000112 

.  000003 

°  a 

0.01157 

.  yoos4 

.9210ft 

°  c. 
30  00 
30.00 
30.00 

B   

C  

Experiment  No. 

Kl.»ctrica] 

.-jlllY  IllVlll 

uf  iMlcri- 
metcr 
syst<.':u 

Tutul 
en,-rny 

j 

"  (.  i  LiS  " 

ciirrgy 

"  Spark  " 
••lurgy 

Mass  of 

HC1 
formed 

1  atmos- 
phere 

Deviation 
from 
mean 

i 
j 

A  

I  tit  joules 

<•  c.-t 
i:>,  us.  2 

15,  4!»4.  4 
1,\  U2.  0 

'Jut.  joules 
■  I 1,  urA.  x 
14,  0'.<2.8 
14,  214.  3 

joules 
W.  2 
40.  4 
13.  S 

joules 

id.  3 
10.  ;j 

10.3 

mole 

0  152070 

Int.  joules 

mole~l 
92.  243 

joules 
mole~i 
-143 
«» 

85 

B  

C  -  

.  l.r)27"0  1     5)2,  445 
.  154078  j     fJi  471 

&2,3S0 

±90 

»  See  footnote  11,  p.  6S1. 
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(c)  SECOND  SERIES  OF  REACTION  EXPERIMENTS 

In  the  second  series  of  reaction  experiments  the  chlorine  remaining 
in  the  burner  tube  was  all  burned  out  by  mixing  hydrogen  with  the 
chlorine  stream  before  the  latter  was  cut  off.  This  mixing  was 
accomplished  by  opening  the  tube  connecting  the  hydrogen  and  chlo- 
rine lines  at  their  entrance  into  the  calorimeter.  Because  of  this 
improvement  in  the  procedure,  the  value  of  mCi  for  the  second  series 
of  reaction  experiments  was  only  about  one-sixth  of  that  for  the  first 
series,  or  about  0.08  per  cent  of  the  total  mass  absorbed;  and  a  much 
greater  precision  was  obtained  in  these  experiments. 

The  results  of  the  "correction"  experiments  of  the  second  series  are 
given  in  Table  4. 

Table  4. — Calorimetric  results  of  the  correction  exveriments  for  hydrogen  chloride, 

second  eerie* 


Experiment  No. 

Number  of 
ignitions 
and  extinc- 
tions of 
tlame 

Total 
mass  ab- 
sorbed 

Total 

"Spark" 
energy 

"  Oas" 
energy 

Mass  of 
hydrogen 
chloride 

mci  per 
experi- 
ment 

b;:::::::::::::::::::::::::::: 

3 
3 

0*1652 
.1604 

Int.  joule* 
412.1 
423.0 

30.  0 

3a  9 

joultt 

-as 

-0.7 

01508 
.1552 

aows 

.0047 

The  calorimetric  results  of  the  reaction  experiments  of  the  second 
series  are  given  in  Table  5. 

Table  5. — Caloi  imetric  results  of  the  reaction  experiments  for  hydrogen  chloride, 

second  series 

Experiment  No. 

A/i 

K 

u 

corri 

A  verage 
tempera- 
ture 

r>  

F.   

V   

<,  

Ohm 

0.  tfKttl 

.  (w>;>07 
.  aw* 

A/in-i 
0  001 

.  t¥)|<V,S 
.  f)0J(l3.1 
.  IW 1327 

Ohm  Mirrt 

-o  cmmi 

.000001* 

Oh  in 
.(10177  1 

.  002:  w 

.  O027.V. 

Ohm 
-0.  0OO0M4 
-.tlOOOfifi 
.  CXKJ0<i2 

oooim 

°c 

0.  1tf034 
.  WS75 
.85*25 
MOO.1) 



°C 

3a  oo 

30  03 
30.00 
29.85 

Mpm.  

F.xjieninent  No. 

KltH'trical 
t"]iii  :;lc;i1 
it!  rvilarirr.r- 
ttr  ^ysti-m 

Tot:il 
energy 

"  Tins  " 
ei.tTtTy 

" Sf-.'irk  " 
energy 

M:i>5  of 

11(1 
formed 

V»-JC 
1  atmos- 
phere 

Devia- 
tion from 

menu 

E  

V  

O   

M».im  

Inf.  rules 

l.i.  i:*  a 
:r.  t>  ;.  v 
1',.:;m.(i 
is.w,  i 

Int.j.iiilr* 

s 

;».(.u.v  2 

IS.  1:011.  7 
•'.  S74.  > 

>  ,r, 

I'.i.  7 
K.  7 
!•'.  S 

Jovlc* 
in  :>. 
in  :< 

HI. 

10  :< 

0  1.V04!) 
.  l'iM7Si 
.  1  -i:>r)>:i 
.  1070TM 

Int.  joules 

w.  ara 

H2,  304 

<>2.  2*0 

Joules 

-22 
+55 

-28 

92.  308 

±27 

4.  RESULTS  OF  THE  PRESENT  INVESTIGATION 

The  results  of  the  experiments  of  the  present  investigation  are 
shown  in  Figure  3.  This  plot  indicates  clearly  the  increased  precision 
obtained  in  the  second  scries  of  reaction  experiments  and  the  relation 
of  each  result  to  the  average  value  from  the  second  series. 
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For  the  second  series  of  reaction  experiments  the  "error" 

"\n(n-l) 

is  computed  to  be  ±  0.039  per  cent.  Combination 28  of  this  with  the 
"error"  of  the  electrical  energy  experiments  gives  a  resultant  error  of 
0.041  per  cent,  or  ±  38  joules  per  mole. 

The  total  uncertainty  in  the  average  value  of  the  second  series  is 
estimated  to  be  not  more  than  ±  50  joules  per  mole. 

The  present  experiments  give,  then,  for  the  heat  evolved  in  the 
reaction 

1/2  H,  (gas)  + 1/2  Cl2  (gas)  =  HC1  (gas)  (9) 


'  1  .... 
ABC  D        E        F  G 


EXPERIMENT  NUMBER 

Figure  3. — Plot  of  the  experimental  result*  for  the  heat  of  formation  of  gas- 
eous HCl,  from  the  present  investigation 

The  seal*?  of  ordi  nates  gives  Q,  the  beat  of  formation  of  Kaseous  HCl  from  its  elements,  at  30°  C.  and  a 
constant  pressure  of  1  atmosphere,  in  international  kilojouies  mole-1. 

On  the  scale  of  abscissae  are  shown  the  individual  values:  A,  B,  C,  the  first  series;  and  D,  E,  F,  O,  the 
second  series.  The  circles  indicate  it  he  relative  precision  for  the  two  series,  and  the  horizontal  line,  at 
&2.308,  Rives  the  average  value  from  the  second  series. 

at  30°  C.  and  a  constant  pressure  of  1  atmosphere 

Q^c.  =  92,308  ±  50  international  joules  mole"1  (10) 

Since  AC,=  ~^%=  -1.7  joules  mole"1  °C -1,  the  value  for  25°  C. 

and  1  atmosphere  becomes 

Qa&c.  ~  92,300  ±  50  international  joules  mole"1  (11) 
Using  the  factor  1.0004/4.185,  this  is  equivalent  to 

<W  =  22,063  ±  12  g-cal.15  mole"1.  (12) 

5.  THE  RESULTS  OF  EARLIER  INVESTIGATIONS 

As  has  already  been  noted,  calorimetric  determinations  of  the  heat 
of  formation  of  hydrogen  chloride  have  been  made  by  Abria,3*  Favre 
and  Silbermann,*7  Berthelot,28  and  Thomsen.3'   The  results  obtained 


»  Bee  footnote  11,  p.  681. 
»  See  footnote  2,  p.  680. 


«  See  footnote  8,  p.  680. 
»  See  footnote  4,  p.  680. 


»  See  footnote  1,  p.  680. 
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by  Abria,  and  by  Favre  and  Silbermann  are,  respectively,  about  10 
and  8  per  cent  Higher  than  the  values  obtained  by  the  later  investi- 
gators, and  may  be  disregarded  in  view  of  the  more  concordant  work 
of  later  investigators  who  had  the  advantage  of  purer  materials  and 
better  calorimetric  technic.  There  are  no  details  of  Berthelot's  ex- 
periments, though  his  value  is  practically  identical  with  that  of 
Thomsen. 

Thomson  published  complete  details  of  his  four  experiments  on 
hydrogen  chloride.    The  writer  has  recomputed  Thomson's  data  in 


92.4 


92.2 


a 


92.0 


91.8 


Figure  4. — Plot  of  the  various  values  for  the  heat  of 

formation  of  HC1 

The  scale  of  ordinates  gives  Q,  the  heat  evolved  in  the  formation  of  1  mole  of  gaseous  HC1  from  it*  elements, 
at  25°  C.  and  a  constant  pressure  of  1  atmosphere,  in  international  kilojoulcs  mole  ~». 

The  circles  give  tbo  cstimaU'd  uncertainties  for  values  from  the  folio winK  sources:  T,  calorimetric  experi- 
ments of  Thomson.  X,  calculation  by  way  of  the  free  energy  and  entropy  of  formation  of  gaseous  BC1. 
/?.  calorimetric  experiments  of  the  present  investigation. 

the  light  of  modern  atomic  weights  and  units  of  energy,  and  obtains 
as  the  average  value 

Qwo.  =  91.96  ±  0.14  international  kilojoules  mole  ~l  (13) 
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The  "error"  is  estimated  from  the  consistency  of  Thomson's  data, 
together  with  the  assumption  of  a  calibration  error  of  0.10  per  cent. 
There  still  remains  the  possibility  of  there  being  an  unknown  syste- 
matic error  in  the  above  value. 

The  values  from  the  various  investigations  are  as  follows,  in  inter- 
national kilojoules  per  mole  at  25°  C.  and  1  atmosphere: 


Abria     101 

Favre  and  Silbermann   99 

Berthelot      92 

Thomsen    ;   91.  96  ±0.  14 

Present  investigation   92.  30  ±  0.  05 


In  Figure  4,  the  value  from  Thomson's  data  is  shown  in  relation 
to  the  result  obtained  in  the  present  investigation.  The  circles  show 
the  estimated  uncertainties. 

6.  CORRELATION  OF  THE  PRESENT  DATA  ON  HEAT  CONTENT  WITH 
EXISTING  DATA  ON  THE  FREE  ENERGY  AND  ENTROPY  OF  FORMA- 
TION OF  HYDROGEN  CHLORIDE 

For  the  reaction 

1/2  H2  (gas)  + 1/2  CI,  (gas)  =HC1  (gas)  (14) 
the  present  investigation  gives 

AHMA  -  -  92,300  ±  50  international  joules  mole"1  (15) 

or 

AJTaw.i  =  -22,063  ±  12  g-cal.u  mole"1  (16) 

The  reference  or  standard  state  80  used  in  calculating  the  values  of 
entropy  and  free  energy  of  a  gas  is  that  of  an  "ideal"  gas  where  the 
fugacity  is  1  atmosphere.  In  this  state  the  heat  content  is  the  same 
as  that  of  the  real  gas  at  zero  pressure.  A  knowledge  of  the  p-v-T 
relations  suffices  to  permit  computation  of  AH  for  the  above  reaction 
with  the  gases  in  their  standard  states  by  means  of  the  relation 

But  the  necessary  P-V-T  data  for  chlorine  and  hydrogen  chloride  are 
not  available.  A  calculation  employing  the  Berthelot  equation  of 
state,  which  requires  only  a  knowledge  of  the  critical  temperature  and 
pressure  for  each  gas,  shows  that,  although  appreciable  for  chlorine 
and  hydrogen  chloride  separately,  the  change  in  AH  for  reaction  (14) 
from  a  pressure  of  1  atmosphere  to  a  fugacity  of  1  atmosphere  is  only 
about  0.01  per  cent  of  the  value  of  AH.  Without  additional  informa- 
tion this  correction  can  for  the  present  be  neglected,  as  it  is  less  than 
the  uncertainty  in  the  value  of  AH,  and  one  can  write 

AH°M8.,  =  - 22,063  ±  12  g-cal.15  mole"1  (18) 

The  values  of  the  entropies  of  hydrogen,  chlorine,  and  hydrogen 
chloride  Qess  the  entropy  of  nuclear  spin)  have  been  calculated  very 
accurately  from  the  data  of  spectroscopy  by  Giauque,31  and  Giauque 

»  See  footnote  5,  p.  680.  11  Giauque,  W.  F.f  J.  Am.  Ohem.  Soc.,  vol.  82,  p.  1930. 
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and  Overstreet.82  The  values  of  1,  in  g-cal.i5  mole-1  °C.  "**,  are: 
H,,  31.225;  Cl2,  53.310;  HC1,  44.658.    Then  for  reaction  (14) 

AS°aQ8.i  =  2.390  g-cal.15  mole"1  °C~l  (19) 

For  the  present  calculations  the  uncertainty  in  this  value  is  negligible . 

The  value  of  &F°  for  reaction  (14)  is  best  obtained  33  by  combining 
the  data  for  the  following  reactions: 

1/2  H2  (gas)  +  AgCl  (solid)  =  HC1  (aqueous)  +  Ag  (solid)  (20) 

Ag  (solid)  + 1/2  d,  (gas)  =  AgCl  (solid)  (21) 

HC1  (gas)  -  HC1  (aqueous)  (22) 

The  value  for  the  free  energy  change  in  reaction  (20)  is  obtained 
from  the  standard  emf  of  the  cell  in  which  reaction  (20)  occurs.  The 
best  values  are:  u Randall  and  Young,  0.2221;  Harned  and  Ehlers, 
0.2224;  Carmody,  0.2223;  Spencer,  0.2222.    These  give 

E°M8.i  =  0.2222  international  volt  (23) 

The  uncertainty  in  this  value  is  about  0.0002  volt.  Then,  for  reac- 
tion (20) 

AF°M8.i-  -5,125  ±5  g-cal.u  mole  -1  (24) 

Randall  and  Young  35  conclude  that  the  best  value  for  the  emf  of 
the  cell  in  which  reaction  (21)  occurs  is  that  given  by  Gerke  M  who 
finds,  with  chlorine  at  a  pressure  of  1  atmosphere, 

E°W8.i  =  1.1362  international  volts  (25) 

Correcting  the  chlorine  to  a  fugacity  of  1  atmosphere,37  one  finds 

E°2M.i  =  1 .1363  international  volts  (26) 

The  uncertainty  in  this  value  can  be  taken  as  0.0004  volt.  Therefore, 
for  reaction  (21) 

A^°m.i=  -26,211  ±9  g-cal.15  mole  ~x  (27) 

The  value  of  AF°  for  reaction  (22)  can  be  calculated  from  the  ratio 
of  p2,  the  vapor  pressure  of  hydrogen  chloride  over  its  aqueous  solution, 
to  aa,  the  activity  of  hydrogen  chloride  in  that  solution: 

AF°=  -RTln—  (28) 

Lewis  and  Randall 38  reviewed  the  data  on  the  vapor  pressure  of 

■  Qiauque,  W.  F.,  and  Overstreet,  R.,  J.  Am.  Chera.  Soc.,  vol.  64,  p.  1731,  1932. 
u  See  footnote  7,  p.  080. 

»*  (a)  See  footnote  7.  p.  080;  (6)  Harned,  H.  S.,  and  Ehlere,  R.  W.,  J.  Am.  Chem.  Soc.,  vol.  54,  p.  1350. 
1932;  (c)  Carmody,  W.  R.,  J.  Am.  Chem.  Soc.,  vol.  64,  p.  188,  1932;  (4)  Spencer,  H.  M..  J.  Am.  Chem. 
Soc.,  vol.  64,  p.  3647,  1932. 

u  See  footnote  7,  p.  680. 

»  Oerke,  R.  H.,  J.  Am.  Chem.  Soc.,  vol.  44.  p  188<,  1922. 
n  See  p.  499  of  the  reference  given  in  footnote  5,  p.  680. 

■  See  p.  603  of  the  reference  given  In  footnote  6,  p.  680. 
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hydrogen  chloride  over  its  aqueous  solution,  and  the  activity  of 
aqueous  hydrogen  chloride,  ana  concluded  that 

^=4.41  X10-7  (29) 
a3 

Later,  Randall  and  Young 30  recomputed  this  value,  having  available 
some  few  new  data  on  vapor  pressure  and  better  values  for  a?,  and 
found 

*T-4.97  XHT7  (30) 

This  value  is  13  per  cent  higher  than  the  previous  one.  Assuming 
the  uncertainty  in  the  latest  value  to  be  about  5  per  cent,  then,  for 
reaction  (22) 

*F°t*.i  =  8,598  ±30  g-cal.  18  mole"1  (31) 

Combination  of  AF°  for  reactions  (20),  (21),  and  (22),  gives  for  reac- 
tion (14) 

A/^aw.i-  -22,738  ±33  g-cal.  „  mole"1  (32) 
Then  from  equations  (2),  (19),  and  (32)  one  finds  for  reaction  (14) 

*H°m.i  =  -  22,026  ±  33  g-cal.  w  mole"1  (33) 

or 

AH°2M.,  =  -  92.14  ±  0.14  international  kilojoules  mole"1  (34) 

which  agrees,  within  the  limits  of  uncertainty,  with  the  value  obtained 
from  the  present  calorimetric  experiments 

AH°j98.i  =  —  92.30  ±  0.05  international  kilojoules  mole-1  (35) 

The  values  are  shown  together  in  Figure  4. 

IV.  CALCULATION  OF  SOME  RELATED  THERMODYNAMIC 

DATA 

1.  THE  APPARENT  AND  PARTIAL  MOLAL  HEAT  CAPACITY  OF 
HYDROGEN  CHLORIDE  AND  THE  PARTIAL  MOLAL  HEAT  CAPACITY 
OF  WATER  IN  AQUEOUS  SOLUTION  OF  HYDROGEN  CHLORIDE 

In  order  to  calculate  the  temperature  coefficient  of  reactions  involv- 
ing aqueous  hydrogen  chloride,  it  is  necessary  to  know  the  apparent 
and  partial  molal  heat  capacities.  The  apparent  molal  heat  capacity, 
*«,  is  calculated  from  the  experimental  data  on  the  heat  capacity  of 
hydrogen  chloride  solutions  by  the  methods  already  described.40 

When  #e  has  been  determined  as  a  function  of  ml/2,  the  square 

root  of  the  molality,41  then  C~p9,  the  partial  molal  heat  capacity  of 
hydrogen  chloride,  and  VPl,  the  partial  molal  heat  capacity  of  water, 
are  derived  from  the  relations: 

»  See  footnote  7,  p.  680 

-  (a)  KandaU,  M..  and  Rossini,  F.  D.,  J.  Am.  Chem.  Soc.,  vol.  51,  p.  328,  1929.   (6)  Rossini,  F.  D., 
B.  8.  Jour.  Research,  vol.  4.  p.  313,  1930;  (c)  vol.  7,  p.  47, 1931. 
«  n»  is  the  number  of  mobs  of  solute  per  1,000  g  water. 

141809—33  8 
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CPj  =  *c+l/2m,/2 


,  d$c 
dm1" 


(36) 


55.508 


m 


1  /2m 


1/2. 


,  d<Ee 
dm1/2 


(37) 


(38) 


For  the  present  compilation  of  the  thermal  data  on  aqueous  hydro- 
gen chloride,  it  is  desired  to  obtain  values  of  $e  over  as  large  a  range 
of  concentration  as  possible.  In  a  previous  paper,42  the  present  author 
reviewed  the  existing  data  from  the  dilute  region  of  concentration  to 
about  2  molal.  To  these  data  can  be  added  the  values  for  the  more 
concentrated  solutions  and  some  new  data  for  the  dilute  region. 


The  scale  of  ordinates  gives  *»,  the  apparent  molal  heat  capacity,  for  HCl  In  aqueous  solution  of  HCl  at 
25°  C,  in  g-cal.  per  mole. 

The  points  designate  values  (corrected  to  25°  C.)  from  the  data  of  the  following  investigators:  ORichards 
and  Rowe;  E  Richards,  Mair,  and  Hall;  AThomsen;  □Thorvaldson,  Brown,  and  Peak  or;  ♦Wrewsky  and 
Savaritzky;  ▲Marignac;  •Randall  and  Hamage;  and,  ^Gucker  and  Schminke. 

In  Figure  5  are  plotted  values'of  $e  for  aqueous  hydrogen  chloride 
&i\25°  C.  calculated  from  the  data  of  the  following  investigators: 
Thomsen  43  at  18°  C;  Marignac  44  at  22°  C.J  Richards  and  Rowe4* 
at  18°  C.j  Wrewskyland  Kaigorodoff  48  at  20.5°  C;  Randall  and 
Ramage 47  at  25°  C. ;  Richards,  Mair,  and  Hall48  at  18°  C. ;  Thorvald- 
son, Brown,  and  Peaker 49  at  18°  C. ;  Gucker  and  Schminke 60  at  25°  C. 
The  last-named  investigators  reported  directly  values  of  Where 
the  data  of  thefabove  experimenters  were  obtained  at  temperatures 
other  than  25°  C,  they  were  corrected  to  25°  C,  by  means  of  the 
temperature  coefficient  of  4>c  previously  given  by  the  present  author.51 

The  heavy  black  line  in  Figure  5  represents  the  linear  relation  be- 
tween *c  and  m,/2  previously  reported  by  the  present  author  for 
aqueous  hydrogen  chloride  at  25°  C,  for  the  range  from  infinite  dilu- 
tion to  about  2  molal.    Inspection  of  the  plot  shows  that  this  relation 


"  See  footnote  40  (c),  p.  693. 
U  ■  Thomson,  J.,  Ann.  Physik,  vol.  142,  p.  337,  1871. 
|h"  Marignac,  C,  Ann.  chim.  phys.,  vol.  8,  p.  410,  1870. 

a*»  Richards,  T.  W.,  and  Rowe,  A.  S.,  J.  Am.  Chem.  Soc.,  vol.  42,  p.  182,  1920. 
h  "  Wrewsky,  M.,  and  Kaigorodoff,  A.,  Z.  physik,  Chem.,  vol.  112,  p.  83,  1924. 
"  Randall,  M .,  and  Ramage,  L.      J.  Am.  Chem.  Soc.,  vol.  49,  p.  93,  1927. 
«  Richards,  T.  W.,  Mair,  B.  J.,  and  Hall,  L.  P.,  J.  Am.  Chem.  Soc.,  vol.  51,  p.  727,  1929. 
•  Thorvaldson,  T.,  Brown,  W.  G\,  and  Peaker,  C.  R.,  J.  Am.  Chem.  Soc.,  vol.  52,  p.  3927,  1930. 
Oucker,  F.  T.,  and  Schminke,  K.  H..  J.  Am.  Chem.  Soc.,  vol.  54,  p.  1358, 1932. 


0 


«  See  footnote  40(c),  p.  693. 
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represents  the  data  very  well  over  the  entire  range  of  concentration, 
though  there  is  apparently  some  question  as  to  the  extrapolation  to 
infinite  dilution." 

Then  for  acqueous  hydrogen  chloride  at  25°C. 

*e=  -32.5  +  7.2  m^g-cal.  mole"1  °C.-1  (39) 

~C,=  -  32.5  +  10.8  m^g-cal.  mole"1  °Crl  (40) 

Cp-Cp°  =  - 0.065  m3<3g-cal.  mole"1  °Crl  (41) 
The  temperature  coefficients  of  the  above  quantities  can  be  taken  as 

^=^=^g^al.mole— C-  (42) 


dr 


(43) 


Equations  (42)  and  (43)  are  approximations  for  the  temperature 
range  10°  to  35°  C. 

2.  THE  APPARENT  AND  PARTIAL  MOLAL  HEAT  CONTENT  OF  HYDRO- 
GEN CHLORIDE  AND  THE  PARTIAL  MOLAL  HEAT  CONTENT  OF 
WATER  IN  AQUEOUS  SOLUTION  OF  HYDROGEN  CHLORIDE  AT  25°  C. 

In  order  to  correlate  the  existing  data  on  the  heat  of  solution  of 
hvdrogen  chloride  and  the  heat  of  formation  of  aqueous  hydrogen 
chloride  with  the  present  data  on  the  heat  of  formation  of  gaseous 
hydrogen  chloride,  it  is  necessary  to  have  values  of  4>A  —  <f>/>°,  the 
relative  apparent  molal  heat  content,  for  aqueous  hydrogen  chloride. 
These  values  can  be  easily  determined  from  data  on  heat  of  dilution 
by  the  procedure  previously  employed  by  the  present  author.68 
The  method  consists  simply  in  plotting  the  values  of  the  measured 
heats  of  dilution  as  ordinates  with  the  square  root  of  the  molality 
as  the  scale  of  abscissas.  The  intercept  at  mlp  =  0  is  made  the 
zero  for  the  scale  of  ordinates  and  the  curve  is  then  that  of 
against  m1/3.  Then  the  relative  partial  molal  heat  content  of  hydro- 
gen chloride  is  obtained  by  means  of  the  relation 

Ht-Ho  =  + 1/2  m'f  d(^~,^0)  (44) 

and  the  relative  partial  molal  heat  content  of  water  is  given  by 

The  existing  data  on  heats  of  dilution  (with  the  exception  of  many 
data  for  the  dilute  region  of  concentration  which  appeared  in  the 
paper  already  referred  to  M)  are  shown  in  Figure  6,  where  the  ordi- 

*  Gucker.  F.  T.,  and  tfcbmlnke,  K.  H.  (see  footnote  £0,  p.  694),  found  that,  for  aqueous  hydrogen  chloride 
and  potassium  hydroxide,  the  values  of  4*.  at  fibout  0.04  molal  undergo  an  abrupt  change,  apparently  in* 
<■  tp  ixinj?  to  very  high  values  at  infinite  dilution.  However,  pending  the  confirmation  of  this  behavior, 
which  Gucker  and  >chminke  touud  peculiar  to  hydrogen  chloride  and  potassium  hydroxide  but  not  to 
lithium  chloride,  one  can  continue  to  use  the  linear  extrapolation  to  infinite  dilution. 

»  Rossini,  F.  D..  li.  S.  Jour.  Research,  vol.  6,  p.  791,  1931. 

"  See  footnote  53,  p.  6fJ5. 
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nate  scale  has  already  been  shifted  to  make  the  plot  one  of  *»— **° 
against  ml/a.  The  values  plotted  in  Figure  6  are  from  the  data  of 
Thomson"  at  18°  C,  Berthelot"  at  18°  C,  and  Wrewsky  and 
Savaritzky  67  at  21.5°  C.  These  data  have  been  corrected  to  25°  C, 
using  the  appropriate  values  for  heat  capacity.  The  curve  in  the 
region  from  m1/a  =  0  to  m1'2  =1.4  represents  values  of  *»  — for 
25°  C,  calculated  from  those  for  at  18°  C.  which  have 

already  been  compiled  by  the  present  author.8* 

In  the  above  manner  the  values  given  in  Tables  6  and  7  have 
been  derived.    Table  6  gives     -  4>»°  for  aqueous  hydrogen  chloride 


•e- 
i 

4 


Figure  6.— The  relative  apparent  molal  heat  content  of  HCl  in  aqueous  solution 

of  Ha  at  S5°  C. 

The  scale  of  abscissas  gives  the  square  root  of  the  molality. 

The  scale  of  ordinates  gives  <t>i-+i°,  the  relative  apparent  molal  heat  content,  for  II CI  in  aqueous  solu- 
tion of  HCl  at  25°  C,  in  kg-cal.u  per  mole. 

The  points  designate  the  eij>erimenta]  values  (corrected  to  25°  C.)  of  the  following  Investigators: 
#,  Wrewsky  and  Savaritzky;  A,  Berthelot;  and  □,  Tnomsen. 

The  points  marked  O  we  values  (corrected  to  26°  C.)  obtained  from  those  for  18°  C.  previously  given 
by  the  present  author. 

at  25°  C,  with  the  composition  of  the  solution  expressed  in  terms  of 
the  number  of  moles  of  water  associated  with  1  mole  of  hydrogen 

chloride.    Table  7  gives  values  for  /72-#20,  and  Hx-Hi0, 

at  25°  C,  for  selected  values  of  m1/a. 


«  Thomson,  J.,  Thermocbemische  Untersuchun^en,  vol.  2,  Berth,  Leipzig,  1S86. 
M  Berthelot,  M.,  Ann.  chlm.  pbys.,  vol.  4,  p.  467,  1875. 
w  Wrewsky,  M..  and  Savaritzky,  N.,  Z.  physik.  Cbem.,  vol.  112,  p.  90,  1924. 
»  See  footnote  53,  p.  695. 
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Table  6.— Relative  apparent  molal  heat  content  of  HCl  in  aqueous  solution  of  HCl, 

at  25°  C. 

[The  composition  of  the  solution  is  siren  in  terms  of  the  number  of  moles  of  UjO  associated  with  1  mole  of 

HCl] 


Solution 

Solution 

HC1..H:0 

HCl  6400UiO 

HC1.3300HiO 

HCI.I6OOH1O 

HCl800H»O 

HCl.iOOHiO 

g-cai  per 
molt  of  UCl 
0 
4fl 
06 
90 
128 
181 

HCUSHjO 

HCUSUjO 

HC1.1211|0 

HCl.lOHiO 

liCl.SUjO 

HC1.0H,O 

0<al  per 
moleofHCt 
020 
1,050 
1.250 
1.400 
1,760 
2,320 

HCl.aOOHiO 

HCl.iOOHiO 

HCI.MHiO 

HC1.25H,0 

HC1.20H|O 

249 

m:\ 

483 

730 
850 

HC1.5HiO 
HC1.4HtO 
HCUHiO 
IIC1.2HiO 
HCl.lHiO 

2,700 
3.440 
4,480 
0.400 
11,800 

Table  7. — Apparent  and  partial  molal  heat  content  of  HCl  and  partial  molal  heat 
content  of  H,0  in  aqueous  solution  of  HCl,  at  25°  C. 


- 

TJl 

moles  of 
HCl  per 
1,000  gHiO 

mole  of  HCl 

y/j-//i° 
g-cal.  per 
mole  of  HCl 

g-cal.  per 
mole  of  HjO 

0 

0 

0 

0 

0 

.1 

.01 

49 

74 

-  .0045 

.2 

.04 

98 

140 

-  .aw, 

.3 

.09 

140 

219 

-  .119 

.4 

.10 

193 

287 

-  .271 

.5 

.25 

238 

348 

-  .490 

.0 

.30 

281 

412 

—  .H50 

.8 

.04 

367 

543 

-2.03 

1.0 

1.00 

458 

700 

-4.35 

1.2 

L44 

661 

884 

-8.35 

1.4 

1.90 

675 

1.095 

-14.8 

16 

2.  50 

805 

1,350 

-25.3 

1.8 

3.24 

955 

1.050 

-40.9 

2.0 

4.00 

1.120 

2,000 

-03.4 

15 

0.25 

1.610 

3,040 

-101 

3.0 

9. 00 

2.260 

4,410 

-349 

3.5 

12.25 

3,040 

5,960 

-044 

10 

10.00 

3.920 

7.500 

-1,040 

4.5 

20.25 

4.800 

9. 170 

-1.570 

6.0 

25.00 

6,840 

10,840 

-2,250 

6.5 

3a  25 

0,860 

3.  THE  HEAT  OF  SOLUTION  OF  HYDROGEN  CHLORIDE  IN  WATER 

The  heat  of  solution  of  hydrogen  chloride  in  water  has  been 
measured  by  Thomsen,**  Berthelot  and  Ix)uguinine,M  and  Wrewsky 
and  Savaritzkv.*1  The  data  of  these  investigators  have  been  cor- 
rected to  25°  C  by  means  of  the  proper  values  of  heat  capacity  and 
are  shown  in  Figure  7.    These  data  are  for  the  reaction 

HCl  (gas) +  ^5?  h20  0iquid)  =  HCl-55^2_8H3O  (solution)  (46) 


»  Thomson,  J.,  Therrnoeheumehe  Vntexsuchuiujen.  vol.  2.  Barth,  Leipzig,  1886. 
M  Herthelot,  M..  and  Louguioine,  W.,  Ann.  chim.  pbys.,  vol.  0,  p.  289,  1876. 
•>  See  footnote  57,  p.  600. 
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The  curve  shown  in  Figure  7  is  drawn  through  the  data  of  Wrewsky 
and  Savaritzky  with  extrapolation  to  infinite  dilution  made  with  the 
aid  of  the  values  of     —  $h°  given  in  Table  7. 

From  these  data  the  value  for  the  heat  of  solution  of  hydrogen 
chloride  at  infinite  dilution  in  water  at  25°  C. 

HC1  (gas)  =  HC1  (aqueous,  m  =  0)  (47) 

is 

A#°298.i  =  -  17,880  ±  40  g-cal.,5  mole"1  (48) 

4.  THE  HEATS  OF  FORMATION  OF  SILVER  CHLORIDE  AND  MERCUROUS 

CHLORIDE 

In  order  to  utilize  the  data  on  the  temperature  coefficient  of  the 
emf  of  certain  cells  for  obtaining  the  heat  of  formation  of  aqueous 
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Figure  7. — The  heat  of  solution  of  HCl  („„•>  in  water  at  25°  C. 
The  scale  of  abscissae  gives  the  square  root  of  the  molality. 

Thescale  of  ordinates  gives  the  heat  of  the  reaction  ncl(,M)+^^  IhOoia-id)  -  HC1~5?HiO(»ibu«) 

at  25°  C,  in  kR-cal.ii  per  mole  of  UC1. 

The  points  designate  the  experimental  values  (corrected  to  25°  C)  of  the  following  investigators:  O, 
Wrpwskv  and  Savaritzky;  A,  Berthelot  and  Loueuinlne;  and  □.  Thomsen. 

The  point  marked  O.  at  mx-O,  gives  the  value  for  infinite  dilution. 

hydrogen  chloride,  it  is  necessary  to  have  accurate  values  for  the 
heats  of  formation  of  silver  chloride  and  mercurous  chloride.  Fortu- 
nately, data  are  available  for  calculating  these  values  with  considerable 
accuracy. 
For  the  reaction 

Ag  (solid)  +  1/2  Cl2  (gas)  =  AgCi  (solid)  (49) 
the  free  energy  change  62  is 

*F°2*.\  =  -  26,21 1  ±  9  g-cal.,5  mole"1  (50) 
The  entropy  change  for  reaction  (49)  can  be  calculated  from  two 
independent  sources:  (1)  From  values  of  the  entropies  of  silver, 

M  See  p.  692.   The  diferonce  in  free  energy  between  crystalline  and  chemically  precipitated  silver  chloride 
was  found  by  Randall  and  Young  (see  footnote  7,  p.  680)  to  be  xero  within  the  limits  of  uncertainty. 
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chlorine,  and  silver  chloride;  and  (2)  from  a  knowledge  of  the  tem- 
perature coefficient  of  the  emf  of  the  cell  in  which  reaction  (49)  occurs. 
New  data  on  the  heat  capacity  of  silver  and  silver  chloride  down  to 
low  temperatures  have  been  obtained  recently.  From  such  measure- 
ments, Eucken,  Clusius,  and  Woitinek  83  obtained  for  silver,  /S^os.t3* 
10.16;  Giauque  and  Meads  M  reported  a  preliminary  value  for  silver, 
S°ma  =  10.01 ;  and  Eastman  and  Milner"  gave  for  crystalline  silver 
chloride  S°a»«.i  =  22.97  ±0.08.  The  entropy  of  silver  will  be  taken  as 
10.09  ±0.07.  Combining  these  data  with  those  of  Giauque  and 
Overstreet 64  on  chlorine  one  finds  for  reaction  (49) 

A^aw.i  =  ~  13.77  ±  0.12  g-cal.l5  mole-1  (51) 

For  the  temperature  coefficient  of  the  emf  of  the  cell  in  which  reac- 
tion (49),  with  chemically  precipitated  silver  chloride,  occurs,  Gerke  w 
found  for  25°  C,  the  value 

dE 

-j-y=  -  0.000595  ±  0.000006  international  volt  °  C"1 
Correcting  the  chlorine  to  unit  fugacity,  one  obtains  for  reaction  (49) 

AS0**.!  =  -  13.69  ±  0.14  g-cal.15  mole"1  °  C ._1  (52) 
The  average  of  (51)  and  (52)  gives  for  reaction  (49) 

AS°ns.i  =  - 13.73  ±  0.12  g-cal.M  mole"1  °  C."1  (53) 
By  means  of  equations  (2),  (50),  and  (53)  one  finds  for  reaction  (49) 
Ai/°w8.i  =  -  30,304  ±  40  g-cal.,5  mole"1  (54) 

Within  the  limits  of  uncertainty  this  value  is  apparently  that  for  either 
crystalline  or  chemically  precipitated  silver  chloride. 

For  calculating  the  heat  of  formation  of  mercurous  chloride,  a 
slightly  different  procedure  is  necessary  because  an  accurate  value  for 
the  entropy  of  mercurous  chloride  is  not  available. 

For  the  cell  in  which  the  reaction  was 

Ag  (solid)  +  HgCl  (solid)  =  AgCl  (solid)  +  Hg  (liquid)  (55) 
Gerke68  found,  at  25°  C,  with  chemically  precipitated  salts 

^p=»  0.000338  ±  0.000002  international  volt  °Crl  (56) 

and 

E°w8.i =  0.0455  international  volt  (57) 

This  latter  value  is  well  substantiated  89  by  measurements  of  other 
investigators,  and  the  uncertainty  can  be  taken  as  ±0.0003  volts. 
Using  the  Gibbs-Helmholtz  relation 

A/f  =  AT(r|~-E)  (58) 

one  finds  for  reaction  (55) 

A//°298.i  =  1276  ±  16  g-cal.16  mole"1  (59) 

■  u  Eucken,  A.,  Clusius,  K.,  and  Woitinok,  U.,  Z.  anorg.  Chem.,  vol.  203,  p.  39,  1931. 

t  •*  Oiautjue,  W.  F.,  and  Meads,  P.  F.,  see  footnote  6,  p.  C80. 

^  «  Eastman.  E.  D.,  and  Mllner,  B.  T.,  personal  communication. 

•»  See  footnote  6,  p.  GsO. 

«  See  footnote  3«,  p.  61*2. 

«  See  footnote  M,  p.  692. 

«  See  footnote  7,  p.  080. 
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Combination  of  reactions  (49)  and  (55)  gives 

Hg  (liquid) +  1/2  Cla  (gas)  =  HgCl  (solid) 

AH0^.,-  -31,580  ±45  g-cal.,5  mole"1 


for  which 


[VoL  9 

(60) 
(61) 


5.  THE  HEAT  OF  FORMATION  OF  AQUEOUS  HYDROGEN  CHLORIDE 

It  is  possible  to  obtain  a  fairly  accurate  value  for  the  heat  of  for- 
mation of  hydrogen  chloride  in  aqueous  solution  from  data  on  the 
temperature  coefficient  of  certain  cells  and  the  heats  of  formation  of 
silver  chloride  and  mercurous  chloride. 

Lewis  and  Randall,70  Ellis,71  and  Harned  and  Brumbaugh  72  meas- 
ured at  a  series  of  temperatures  the  emf  of  cells  in  which  the  reaction 


was 


1/2  H2  (gas)  +  HgCl  (solid)  =Hg  (liquid) +HC1  (aqueous,  m)  (62) 

and  from  these  data  calculated,  by  the  Gibbs-Helmholtz  relation, 
AH  for  reaction  (62).  Bv  adding  to  (62)  the  reaction  for  the  for- 
mation of  mercurous  chloride  (solid)  one  obtains 


1/2  H2  (gas) +  1/2  Cla  (gas)=HCl  (aqueous,  m) 


(63) 


In  an  analogous  manner  one  can  combine  the  data  of  Noyes  and 
Ellis,73  Harned  and  Brumbaugh,7*  and  Butler  and  Robertson  7a  on 
cells  in  which  the  reaction  was 

1/2  H2  (gas)  +  AgCl  (solid)  =  Ag  (solid)  +  HC1  (aqueous,  m)  (64) 

with  the  heat  of  formation  of  silver  chloride  to  obtain  the  heat  of 
formation  of  aqueous  hydrogen  chloride. 

These  data  give  the  heat  of  formation  of  1  mole  of  hydrogen  chloride 
in  an  infinite  amount  of  aqueous  solution  of  hydrogen  chloride  of 
molality  m.  To  the  various  values  of  AH  for  reaction  (62)  have  been 
added  the  appropriate  values  of  Ba— 5*°,  taken  from  Table  7,  in 
order  to  obtain  the  heat  of  the  reaction 

1/2  Ha  (gas)  +  HgCl  (solid)  =  Hg  (liquid)  +  HC1  (aqueous,  m  =  0)  (65) 

In  this  manner  the  following  values  for  reaction  (65)  were  obtained: 


Data  from — 

Number 
of  differ- 
ent mola- 
lities 

Range  of 
molality 

))Q 

1 
S 
1 

0.1 

4.  484-0.  0333 
0.1 

-8,429 
-8.370 

Harned  and  Brumbaugh  

The  average  of  these  values  is  —8,400,  exactly  the  value  of  the 
latest  determination,  and  the  uncertainty  can  be  taken  as  ±30. 
Combination  of  reactions  (60)  and  (65)  gives 

1/2  H2  (gas)  + 1/2  Cl2  (gas)  -  HC1  (aqueous,  m  =  0)  (66) 

for  which 

A# °»8.i  =  -  39,980  ±  55  g-cal.15  mole"1  (67) 

»  Lewis,  O.  N.,  and  Randall,  M„  J.  Am.  Cbem.  Roc.,  vol.  36,  p.  1900, 1914. 
n  Ellis,  J.  H.,  J.  Am.  Cbem.  Soc.,  vol.  38,  p.  737,  1916. 

'»  Harned,  H.  8.,  and  Brumbaugh,  N.  J.,  J.  Am.  Cbem.  Soc.,  vol.  44,  p.  2729,  1922. 
y|  Noyes,  A.  A.,  and  Kills,  J.  H.,  J.  Am.  Cbem.  Soc.,  vol.  39,  p.  2532,  1917. 
"  See  footnote  72,  p.  700. 
Butler,  J.  A.  V.,  and  Robertson,  C.  M.,  Proc.  Roy.  Soc.  (London),  vol.  125,  p.  094.  1920 
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In  like  manner,  adding  the  appropriate  values  of  H2  —  H20  to 
convert  the  data  to  infinite  dilution,  one  finds  for  the  reaction 

1/2  Ha  (gas)  +  AgCl  (solid)  =  Ag  (solid)  +  HCl  (aqueous,  m  =  0)  (68) 

the  following  values : 


Data  from— 


Noyes and  Ellis.. 


Number 
of  mola- 
lities 


Range  of 
molality 


0.1-0. 001 
0  33314 
0.01 

000 
a  1-0. 01 
0.3 


-9.M2 
-9.643 
-ft.flll 
-9,567 

-9,638 


Taking  the  average  of  these  values,  one  finds  for  reaction  (68) 


MP 


1.1 


-9,594  ±  50  g-cal.,6  mole"1 


(69) 


Combination  of  equations  (54)  and  (69)  gives  for  reaction  (66) 

AH°nt.i  =  ~  39,898  ±  65  g-cal.15  mole"1  (70) 

Taking  the  average  of  (67)  and  (70)  one  finds  for  reaction  (66) 

AlTVi  =  -  39,938  ±  55  g-cal.18  mole"1  (71) 

This  value,  fortunately,  is  practically  identical  with  that  obtained 
by  combining  equations  (18)  and  (48)  which  give  for  reaction  (66) 

Aff°29B.i  =  ~ 39,943  ±  40  g-cal.„  mole"1  (72) 

which  will  be  taken  as  the  best  value  for  the  heat  of  formation  of 
aqueous  hydrogen  chloride  at  infinite  dilution. 

6.  THE  FREE  ENERGY  OF  FORMATION  OF  GASEOUS  HYDROGEN 

CHLORIDE 

The  free  energy  of  formation  of  gaseous  hydrogen  chloride  is  given 
by  equation  (32)  as 


AF°^A=  -22,738 ±33  g-cal.15  mole"1 


(32) 


A  value  having  a  smaller  uncertainty  than  the  foregoing  one  can 
be  calculated  from  equations  (2),  (18),  and  (19).    This  gives 

AF°2»8.i  =  -  22,775  ±  12  g-cal.I5  mole-1  (73) 

7.  THE  ENTROPY  OF  AQUEOUS  HYDROGEN  CHLORIDE 

The  entropy  of  aqueous  hydrogen  chloride  is  the  basis  for  the 
calculation  of  "the  entropies  of  aqueous  ions  according  to  the  methods 
of  Latimer  and  coworkers.7* 

For  the  reaction 


1  /2H2  (gas)  +  1  /2C12  (gas)  =  HCl  (aqueous) 
one  finds  by  combining  equations  (2),  (24),  (27),  and  (72) 
A&,0»8.|  -  -28.87  ±0.15  g-cal.,5  mole  -IOC.-f 


(74) 


(75) 


See  footDote*.  p.  081. 
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Then  for  aqueous  hydrogen  chloride  at  hypothetical  1  molal,  where 
its  heat  content  is  the  same  as  that  at  infinite  dilution, 

S°2u-i  =  13.40  ±  0.15  g-cal.lfi  mole  _1  °C rl  (76) 
V.  ACKNOWLEDGMENT 

The  author  acknowledges  the  technical  advice  of  E.  W.  Washburn, 
under  whose  direction  this  work  was  carried  on. 

Washington,  September  14,  1932. 


Digitized  by  Google 


RP500 

THERMAL  EXPANSION  OF  LEAD 

By  Peter  Hidnert  and  W.  T.  Sweeney 


ABSTRACT 

Measurements  have  been  made  on  the  linear  thermal  expansion  of  three  sam- 
ples of  cast  lead  between  room  temperature  and  300°  C.  and  the  results  have  been 
correlated  with  data  obtained  by  other  investigators  between  1740  and  1931. 

A  curve  has  been  derived  which  shows  the  linear  thermal  expansion  of  lead 
between  —253°  and  +300°  C.  The  summary  gives  average  coefficients  of  ex- 
pansion for  various  temperature  ranges  between  —250°  and  +300°  C. 

A  comparison  of  the  indirect  results  by  Kopp  and  Matthiessen  with  the  direct 
data  by  other  observers,  indicates  that  lead  expands  the  same  in  all  directions. 
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The  thermal  expansion  of  lead  has  been  of  considerable  interest 
for  nearly  200  years.  Its  measurement  has  been  the  object  of  more 
than  25  investigations.  A  summary  of  available  data  obtained  by 
various  investigators  is  given  in  Table  1. 

Between  1740  and  1831,  a  number  of  determinations  of  the  coeffi- 
cient of  linear  expansion  were  made  for  the  range  from  0°  to  100°  C. 
In  1831,  Daniell  reported  the  changes  in  length  of  a  bar  of  lead  heated 
from  17°  to  100°  0.  and  to  the  point  of  fusion,  respectively.  From 
that  time  up  to  1930,  no  measurements  on  the  linear  thermal  expan- 
sion of  lead  above  110°  C.  have  been  located  in  the  literature.  The 
present  authors  appear  to  have  been  the  first  observers  after  Daniell 
to  report  data  on  the  linear  thermal  expansion  of  lead  above  110°  C. 
Their  abstract  giving  coefficients  of  linear  expansion  on  heating  for 
various  temperature  ranges  between  20°  and  300°  C.  was  published  1 
in  February,  1930.  In  October  of  the  same  year,  Uffelmann  2  pub- 
lished coefficients  of  linear  expansion  for  various  temperatures  between 
80°  and  280°  C. 

The  present  investigation  was  undertaken  in  order  to  obtain 
reliable  data  on  the  linear  thermal  expansion  of  lead  above  100°  C. 
The  data  obtained  between  20°  and  300°  C.  have  been  correlated 
with  results  by  other  observers. 

The  authors  wish  to  express  appreciation  to  H.  W.  Bearce,  W. 
Souder,  and  H.  S.  Rawdon  for  valuable  suggestions,  and  to  H.  S. 
Krider  for  assistance  during  the  preparation  of  the  manuscript. 

«  Hidnert  and  Sweeney.   (See  Table  1.) 
•See  Table  1. 
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II.  MATERIALS  INVESTIGATED 

Three  samples  of  cast  lead  were  investigated.  The  purity  and 
the  method  of  casting  of  the  samples  are  indicated  in  Table  2.  The 
length  of  each  sample  was  about  300  mm  and  the  cross  section  10  mm 
square. 

III.  APPARATUS 

The  furnace  shown  in  Figure  1  of  Scientific  Paper  of  the  Bureau 
of  Standards  No.  488,  was  used  for  the  measurements  of  the  linear 
thermal  expansion  of  sample  1001  and  the  white  furnace  shown  at 
the  extreme  left  of  Figure  1  of  Scientific  Paper  of  the  Bureau  of 
Standards  No.  524  was  used  for  samples  1144  and  1215.  Figure  4 
of  the  latter  paper  indicates  the  method  usod  in  mounting  samples 
1144  and  1215  in  the  furnace. 

Expansion  measurements  were  made  by  means  of  micrometer 
microscopes,  which  were  sighted  on  fine  wires  suspended  from  or  in 
contact  with  the  ends  of  the  specimen.  For  a  detailed  description  of 
the  apparatus  and  the  methods  used  the  reader  should  refer  to  the 
publications  mentioned. 

IV.  RESULTS 


Observations  were  made  on  the  linear  thermal  expansion  of  three 
cast  samples  of  lead  at  various  temperatures  between  room  tempera- 
ture and  300°  C.  and  the  results  obtained  are  shown  in  Figure  1. 
The  expansion  curves  are  plotted  from  different  origins  to  display 
the  individual  characteristics  of  each  curve. 

The  average  coefficients  of  expansion  given  in  Table  2  were  derived 
from  the  observations  on  heating  and  on  cooling.  This  table  also 
gives  the  differences  in  length  before  and  after  the  expansion  tests. 
The  plus  (4- )  sign  indicates  an  increase  in  length  and  the  minus  (-) 
sign  a  decrease  in  length. 

Table  2. — Average  coefficients  of  linear  expansion  of  east  lead 


Sfini- 


L«ul 

con- 
J'1*  toni» 


'  1001 

'  lilt 

'  1215, 


Per 
ce  at 


99.9 


99.* 


Froi^ed  stool  ni.-H. 
S;ind  rru-l.l  


I     i,l,.  1'KU. 


Aye-rip1 . 


'I  W  ;  Ho^ti:iR  or 
No.  ronliiiK 


Avomgo  coefficients  of 
ojpunsiun  per  D  V. 


I 


I  1  I«>!it 


203  to 
C. 


203  to  20?  to' 20°  to 


100u 
V. 


200° 
V. 


I<  <'<»]|!1H... 

.    1  lli>.\ti:i«.. 
1  t'noliriK- .  . 

In  'coli.'ig. . . 


xio-« 

21).  2 


2s.  s 


ay.  G 
■J9.  3 

29.  :> 

2S. ') 
2S.S 
2S> 


29.  1 


•xio-« 

31.2 
30  4 
29.5 

"29.Y 


300° 

C. 


Xl(r* 
32.5 
31. A 
31.2 
31.  2 
30.9 
31.  1 
31.0 

:n.o 


CI 

in 
length 
aftor 
heating 

to 
300°  C. 

and 
cooling 
to  room 
tem- 
pera- 
ture 


30.0  31.3 


Per  cent 
\  +0.02 

}  •» 
}-.01 

}  .00 


«  Analysis  by  H.  A.  Buchheit,  of  this  bureau. 
>  Soe  siunpio  121V 

»  Density  for  samples  11*4  and  1215,  11.310  and  11.329  «/cm»  at  25°  C. 
E.  E.  Hill,  of  this  bureau. 
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The  differences  obtained  in  the  coefficients  of  expansion  of  the 
three  samples  of  cast  lead  are  probably  due  to  variations  in  the  methods 
of  casting. 


100  200  300°C 

TEMPERATURE 

Figure  1. — Linear  thermal  expansion  of  three  cast  samples  of  lead 

Sample  1001  which  was  cast  in  a  preheated  steel  mold,  has  larger 
coefficients  of  expansion  than  the  samples  cast  in  sand  molds.  From 
the  observations  obtained  on  cooling,  it  appears  that  the  coefficients 
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of  expansion  of  sample  1001  on  the  next  heating  would  be  less  than 
those  obtained  on  the  first  heating. 

The  curve  in  Figure  2  represents  the  linear  thermal  expansion  of 
lead  between  -253°  and  +300°  C.  The  portion  of  the  curve 
between  —  253°  and  +  20°  C.  represents  the  data  obtained  by  previous 
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Fioube  2. — Comparison  of  the  average  expansion  curve  derived  in  the  present 
investigation  on  lead,  with  data  from  the  observers 

The  lower  portion  of  the  curve  from  —253°  to  +20°  C.  was  derived  from  data  by  Llnde- 
inann,  Ebert,  Dorsey,  and  Grilneisrn,  and  the  upper  portion  of  the  curve  from  20°  to 
300°  C.  represents  the  average  of  all  results  obtained  in  the  present  investigation  on  three 
samples  of  lead. 

investigators,  and  the  portion  between  20°  and  300°  C,  the  average 
of  all  results  obtained  by  the  present  authors  on  the  three  samples  of 
lead.  The  values  obtained  by  other  observers  are  included  m  this 
figure  for  comparison.  Most  of  these  values  show  good  agreement. 
Bouguer  and  Muschembroeck  obtained  the  lowest  values  and  Ber- 
thoud  the  highest  value  at  100°  C. 
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Kopp  and  Matthiessen's  data  for  linear  expansion  obtained  indi- 
rectly from  density  measurements  agree  closely  with  direct  measure- 
ments made  by  other  observers,  and  therefore  it  appears  that  the 
expansion  of  lead  is  the  same  in  all  directions. 

The  coefficient  of  linear  expansion  derived  from  Vicentini  and 
Omodei's  value  for  the  coefficient  of  cubical  expansion  of  lead  near 
the  melting  point,  appears  to  be  too  low. 

McLennan,  Allen,  and  Wilhelm  published  a  curve  which  shows  the 
relative  change  of  length  measured  against  the  change  of  length  of 
fused  quartz  near  absolute  zero.  Their  conclusion  relating  to  the 
lattice  structure  of  lead,  which  is  based  on  the  assumption  that  the 
expansion  curve  of  lead  is  almost  horizontal  in  the  region  of  the  super- 
conductivity point  (  —  266°  C),  does  not  appear  to  be  jus  tified. 
Since  the  expansion  of  fused  quartz  is  not  known  near  absolute  zero, 
it  is  not  possible  definitely  U>  determine  from  their  curve  the  actual 
expansion  of  lead  in  this  region.  It  is  possible  that  when  these 
observers  cooled  lead  and  fused  quartz  in  the  region  of  the  super- 
conductivity point  of  lead,  the  contraction  of  the  lead  nearly  balanced 
the  expansion  of  the  fused  quartz  3  and  thus  they  obtained  a  nearly 
horizontal  curve  for  the  relative  expansion. 

V.  SUMMARY 

Data  have  been  obtained  on  the  linear  thermal  expansion  of  three 
samples  of  cast  lead.  Observations  were  taken  at  various  tempera- 
tures between  room  temperature  and  300°  C,  and  the  data  have  been 
correlated  with  available  data  by  other  investigators. 

The  average  coefficients  of  linear  expansion  for  various  temperature 
ranges  between  —250°  and  +300°  C,  as  derived  from  the  expansion 
curve  in  Figure  2  are  as  follows: 


-250°  to  +  20°  C    25.  1 

-200°  to      20°  C    _   26.  5 

-100°  to      20°  C     28.  3 

+  20°  to      60°  C  ___   28.8 

20°  to     100°  C    29  1 

20°  to     200°  C      30.  0 

20°  to     300°  C   31.  3 


Washington,  September  12,  1932. 

•Souder  and  Hidnert,  B.  S.  Scl.  Paper  No.  524  (flg.  11). 
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ISOLATION  OF  THE  THREE  XYLENES  FROM  AN  OKLA- 
HOMA PETROLEUM 1 

By  Joseph  D.  White  2  and  F.  W.  Rose,  jr.* 


ABSTRACT 

Each  of  the  three  xylenes  has  been  isolated  in  a  high  state  of  purity  from  an 
Oklahoma  petroleum.  The  relative  amounts  present  are  o,  3;  m,  3;  p,  1,  the 
total  xylene  content  of  the  crude  oil  being  about  0.3  per  cent.  The  density, 
refractive  index,  boiling  point,  freezing  point,  and  infra-red  absorption  spectrum 
have  been  determined  for  each  xylene. 
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I.  INTRODUCTION 

The  presence  of  xylene  in  petroleum  was  first  recognized  by  de  La 
Rue  and  M Oiler.*  Since  then  many  investigators  have  reported  the 
presence  of  m-xylene,  and  two  have  reported  p-xylene  in  European 
and  Asiatic  petroleum,4  but  in  no  case  were  the  hydrocarbons  them- 
selves isolated. 

In  the  first  allusion  to  the  occurrence  of  aromatic  hydrocarbons  in 
American  petroleum,*  no  reference  was  made  to  the  presence  of 
xylene.  Many  years  later,  Mabery 6  established  the  presence  of 
m-  and  ^-xylene  in  the  oils  of  Ohio  and  Canada  and  also  in  those  of 
California7  by  isolating  their  nitro  derivatives  from  the  fraction 
distilling  between  137°  and  140°  C.  Not  until  recently,  however, 
has  o-xylene  been  detected  in  any  petroleum.  Tausz,8  by  oxidizing 
the  xylene  fraction  of  a  number  of  oils  (including  one  from  Pennsyl- 
vania), succeeded  in  isolating  the  three  phthalic  acids.  No  one, 
however,  has  reported  heretofore  the  separation  of  each  of  the  xylenes 
from  petroleum. 

>  Financial  assistance  has  been  received  from  the  research  fund  of  the  American  Petroleum  Institute. 
This  work  is  part  of  Project  No.  8,  The  Separation,  Identification,  and  Determination  of  toe  Constituent* 
of  Petroleum. 

'  Research  associate  representing  the  American  Petroleum  Institute. 

•  Warren  de  La  Rue  and  Hugo  Muller,  Proc.  Roy.  8oc.,  vol.  8,  p.  221.  1858. 

•  Engler-Hdfer,  Da*  Erdol.  vol.  1.  pp.  381-362,  Hlnel,  Leipsig,  1913;  and  the  references  there  cited. 

•  C.  Schorlemmer,  ('hem.  News.  vol.  7,  p.  157,  1863. 

•  C.  F.  Mabery,  Proc.  Am.  Acad.  Arts  Sci.,  vol.  31,  p.  35,  1895. 

•  C  F.  Mabery  and  E.  J.  Hudson,  Proc.  Am.  Acad.  Arts  Sci.,  vol.  38,  p.  281,  1901. 
•J.  Tausz,  Zeit.  angew  Chem..  vol.  32  (I),  p.  381,  1919. 
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This  paper  describes  the  isolation  of  these  three  hydrocarbons 
from  an  Oklahoma  petroleum.9  Separation  of  the  three  isomers  from 
a  highly  concentrated  mixture  of  the  xylenes  was  accomplished  by 
first  extracting  with  liquid  sulphur  dioxide  the  fraction  in  which  the 
xylenes  collected  during  distillation  and  then  subjecting  the  extract 
to  systematic  crystallization  alternated  with  distillation.  m-Xylene 
was  also  isolated  from  a  eutectic  mixture  of  the  m-  and  p-isomers  by 
sulphonation  and  hydrolysis. 

in  6  I     I  |     I     I     I     |     I     I     i  I     I  T 


or 


131         133        135        137       139        141        143  145 


BOILING  RANGE  OF  FRACTION  IN  °C. 

0  Graph  I  0  Graph  I 

Figure  1. — Distribution  of  volume  of  the  fractions  boiling  between  ISO0 

and  146°  C 
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II.  PRELIMINARY  DISTILLATION 

The  petroleum,  which  had  received  a  preliminary  distillation  in  an 
oil  refinery,  was  fractionated  further  with  the  aid  of  efficient  rectify- 
ing columns  10  in  the  manner  described  elsewhere.11  Nearly  45  liters 
of  distillate  collected  within  the  temperature  range  of  127°  to  141°  C. 
The  distribution  by  volume  of  the  majority  of  this  fraction  with 
respect  to  the  boiling  range  is  shown  by  Graph  I,  in  Figure  1.  An 
examination  of  the  1°  cuts  of  this  distillate  showed  a  variation  in 


'  For  description  and  properties  of  the  petroleum  see  E.  W.  Washburn,  J.  H.  Bruun,  and  M.  M.  Hicks. 
B.  8.  Jour.  Research,  vol.  2.  p.  469,  Table  1,  1929. 
»•  (a)  E.  W.  Washburn,  J.  H.  Bruun,  and  M.  M.  Hicks,  B.  8.  Jour.  Research,  vol.  2,  p.  470,  1929. 
(6)  R.  T.  Leslie  and  B.  T.  Schicktant.  B.  S.  Jour.  Research,  vol.  6,  p.  378,  1931. 
(c)  J.  H.  Bruun  and  8.  T.  Schicktant,  B.  S.  Jour.  Research,  vol.  7,  p.  861,  1931. 
»  J.  D.  White  and  F.  W.  Rose,  B.  8.  Jour.  Research,  vol.  7,  p.  907, 1931. 
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refractive  index  of  n**=  1.420  to  1.443,  with  a  maximum  value  for  the 
distillate  boiling  between  136°  and  137°  C.  The  high  refractive 
indices,  together  with  the  characteristic  odor  of  the  material,  strongly 
suggested  the  presence  of  aromatic  hydrocarbons.  Cooling  curves 
showed  that  the  fraction  distilling  between  134°  and  136°  C,  which 
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Figure  2. — Change  in  volume  and  refractive  index  of  distillation  fractions 
upon  extraction  with  liquid  sulphur  dioxide 

was  the  largest,  had  an  initial  freezing  point  of  about  —80°  C.  Its 
behavior  on  cooling  indicated  that  it  might  be  fractionated  further 
by  crystallization.  Attempts  to  fractionate  it  in  this  manner  resulted 
in  some  separation,  but  not  enough  to  warrant  adoption  of  this 
method. 


Digitized  by  Google 


714 


Bureau  of  Stamford*  ^Journal  of  Research 


[VU.9 


III.  EXTRACTION  WITH  LIQUID  SULPHUR  DIOXIDE 

A  more  promising  method  for  the  separation  of  aromatic  hydro- 
carbons from  the  distillate  was  that  of  extraction  with  liquid  sulphur 
dioxide.12  Small  samples  of  a  few  of  the  1°  cuts  boiling  within  a 
range  which  included  the  boiling  points  of  ethylbenzene  and  the  xylenes 
were  extracted  with  liquid  sidpnur  dioxide  at  —35°  to  —40°  C.  The 
high  refractive  index  of  the  extract  and  the  low  refractive  index  of  the 
immiscible  portion  indicated  that  pronounced  separation  had  taken 
place.  Accordingly,  about  40  liters  of  the  distillate  boiling  between 
127°  and  141°  C.  was  extracted  at  an  average  temperature  of  —35°  C. 
with  the  aid  of  the  extraction  apparatus  designed  bv  Leslie.13  About 
9  liters  of  extract  and  31  liters  of  immiscible  material  were  obtained. 
Figure  2  illustrates  graphically  the  results  of  the  extraction. 
There  it  may  be  observed  that  the  major  portion  of  the  miscible 
material  was  obtained  from  fractions  boiling  between  134°  and  139° 
C.  It  is  interesting  to  note  also  in  Figure  2  that  the  higher  boiling 
fractions  yielded  extracts  with  increasingly  higher  refractive  indices. 
This  may  be  attributed  to  a  probable  greater  proportion  of  o-xvtene, 
which  has  the  highest  boiling  point  and  the  highest  refractive  index 
of  the  three  xylenes. 

Treating  the  immiscible  portion  again  with  sulphur  dioxide  resulted 
in  very  little  additional  extraction.  Nevertheless  it  was  deemed 
advisable  to  redistill  this  material  systematically  along  with  the 
fractions  of  the  crude  oil  boiling  over  the  temperature  ranges  immedi- 
ately below  and  above  it,  and  to  reextract  the  resulting  distillate. 
Before  redistilling,  the  sulphur  dioxide  dissolved  in  the  immiscible 
fraction  was  removed,  first  by  sweeping  it  out  with  carbon-dioxide 
.  gas  and  then  by  shaking  the  gas-swept  oil  with  pulverized  soda  lime 
until  the  odor  of  sulphur  dioxide  could  no  longer  be  detected.14 
The  result  of  the  redistillation  is  illustrated  by  Graph  II  in  Figure  1. 
The  refractive  indices  of  the  fractions  from  this  distillation  were 
considerably  lower  than  those  for  the  fractions  from  the  initial 

distillation.    In  no  case  was  ng  greater  than  1.430.    Extraction  of 

the  42-liter  portion  distilling  between  128°  and  144°  C.  yielded  only 
3.3  liters  of  extract.  As  before,  the  major  portion  of  this  material 
was  obtained  from  the  fractions  boiling  between  134°  and  139°  C.1* 
The  two  samples  of  extract  were  combined,  freed  from  sulphur- 
dioxide  gas  in  the  manner  described  above,  and  were  then  subjected 
to  fractionation  by  crystallization. 

IV.  FRACTIONAL  CRYSTALLIZATION  OF  THE  SULPHUR 

DIOXIDE  EXTRACT 

A  study  of  the  behavior  of  the  extract  upon  cooling  showed  that 
the  fractions  with  the  higher  refractive  indices  could  be  readily 

11  For  further  study  of  the  merits  and  technic  of  extracting  petroleum  with  liquid  sulphur  dioxide,  see 
(a)  L.  Edeleanu,  Trans.  Am.  Inst.  Min.  Eng.,  vol.  03,  p.  2313,  1014. 
(6)  8.  E.  Bowrey,  Pet.  Rev.,  vol.  36,  p.  351,  1917. 
e)  R.  L.  Brandt,  Jour.  Ind.  Eng.  Chem.,  vol.  22,  p.  218,  1918. 

d)  R.  J.  Moore,  J.  C.  Morrell,  and  O.  Egloff,  Met.  Chem.  Eng.,  vol.  18.  p.  396,  1918. 
(e)  J.  Tausz  and  A.  Stuber,  Zeit.  angew.  Chem.,  vol.  32  (I),  p.  175,  1919. 
(0  R.  T.  Leslie,  B.  9.  Jour.  Research,  vol.  8,  p.  591,  1932. 
>»  R.  T.  Leslie,  B.  8.  Jour.  Research,  vol.  8,  p.  591,  1932. 

"  Experience  showed  that  in  the  presence  of  even  a  trace  of  sulphur  dioxide  considerable  decomposition 
of  the  oil  took  place  on  heating. 

»  This  observation  is  of  interest  In  view  of  the  fact  that  o-xylene,  which  was  later  found  to  comprise  a  fourth 
of  the  extract,  boils  at  approximately  144°  C. 
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crystallized  in  a  bath  cooled  with  solid  carbon  dioxide.  The  frac- 
tions with  lower  refractive  indices  yielded  no  crystals  at  the  sub- 
limation temperature  of  solid  carbon  dioxide,  but  did  crystallize 
when  cooled  further  (to  about  —90°  C.)  with  liquid  air.  These 
promising  results  made  it  seem  advisable  to  subject  the  material  to 
further  fractionation  by  equilibrium  melting  and  accordingly  this 
was  done  by  a  method  described  elsewhere.18  The  melted  oil  was 
collected  in  successive  cuts  which  were  preserved  according  to  their 
refractive  indices  and  melting  points.  For  observing  the  tempera- 
ture trend  during  freezing  and  melting  a  toluene  thermometer,  or  a 
single-junction  thermocouple  of  copper  constantan,  was  kept  im- 
mersed in  the  oil  during  operations. 

Systematic  fractionation  in  this  manner  resulted  finally  in  a  series 
of  fractions  grouped  according  to  Table  1. 

Table  1. — Fractions  obtained  by  crystallizing  the  sulphur-dioxide  extract 


Fraction 

Volume 

Crystallizing 
range 

1 
2 
3 
4 

ml 

5,500 
1,425 
400 
1,750 

1.495  to  1.500 
1.485  to  1.495 
L475  to  1.485 
1.470  to  1.476 

°C. 
-50  to  -86 
-65  to  -80 
-80  to -90 
-90  to  -100 

The  remainder  of  the  original  12. 5-liter  portion  consisted  of  mother 
liquor  with  tv2=  1.470  and  with  a  crystallizing  range  from  —100° 
to  —125°  C.  Its  fractionation  by  crystallization  could  be  accom- 
plished only  with  difficulty  and  resulted  in  but  little  separation. 
Therefore  it  was  extracted  again  with  liquid  sulphur  dioxide.  The 
extract  had  the  following  properties;  ti2£  =  1.483,  B.  P.  =  136°  C., 
F.  P.  =  —  96°  C.  These  properties,  as  well  as  its  characteristic  odor, 
indicated  that  the  material  was  impure  ethvl  benzene.  Work  is  now 
in  progress  on  its  isolation.  The  irnmisciole  portion  has  been  pre- 
served also.  Its  physical  properties  indicate  that  it  is  probably  a 
mixture  of  naphthenes  and  iso-nonanes.  It  should  be  pointed  out 
that  fractional  crystallization  of  the  original  sulphur  dioxide  extract 
served  to  separate  the  major  portion  of  these  impurities  from  the 
xylenes,  which  concentrated  in  the  "crystal  fraction." 


V.  SYSTEMATIC  DISTILLATION  OF  THE  CRYSTALLI- 
ZATION FRACTIONS 

Oxidation  of  samples  of  the  crystal  fractions,  with  neutral  potassium 
permanganate,  yielded  the  three  phthalic  acids.  This  fact,  together 
with  the  observed  refractive  index  and  the  crystallization  range,  and 
the  further  observation  that  the  major  portion  of  the  material  dis- 
tilled between  138°  and  144°  C,  indicated  that  it  was  a  mixture  of 
p-,  T7i-,  and  o-xvlene. 

With  the  aid  of  the  rectifying  columns  used  in  the  earlier  distilla- 
tions, separate  portions  of  the  mixture  were  fractionally  distilled 
under  atmospheric  pressure  and  under  a  pressure  of  215  mm  Hg. 
The  distribution  of  the  volumes  of  the  fractions  with  respect  to  their 

»  R.  T.  Leslie  and  S.  T.  Schicktanx,  B.  S.  Jour.  Research,  vol.  fl,  p.  378,  1981.  The  apparatus  used  in 
this  work  is  illustrated  on  p.  3*2  of  the  reference  cited. 
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boiling  range  indicated  that  better  fractionation  resulted  under  the 
reduced  pressure.  As  a  consequence  the  entire  mixture  of  xylenes 
was  subjected  to  a  systematic  distillation  at  a  pressure  of  215  mm  Hg, 
and  was  finally  separated  into  two  fractions.  One  of  these,  consisting 
of  about  2  liters  and  boiling  normally  near  144°  C,  appeared  from  its 
behavior  on  freezing  to  be  impure  o-xylene.  The  other  portion  (a  3- 
liter  fraction)  boiling  between  138°  and  139°  C.  was  found  in  the  same 
manner  to  be  chiefly  a  mixture  of  p-,  and  m-xylene. 

VI.  ISOLATION  OF  THE  THREE  XYLENES 

The  2-liter  fraction  of  o-xylene  was  further  purified  by  fractional 
crystallization.  With  the  aid  of  a  centrifuge  which  could  be  operated 
at  low  temperatures  17  good  separation  of  crystals  from  mother  liquor 
was  attained.  As  a  result  of  this  fractionation  a  sample  of  o-xylene 
was  isolated,  the  physical  properties  of  which  (see  below)  indicated  it 
to  be  of  high  purity. 

Fractional  crystallization  of  the  distillate  containing  the  p~  and  m- 
xylene  separated  it  into  a  y-xylene  fraction  and  into  a  mixture  of  the 
two  isomers  approximating  their  eutectic  in  composition.  Further 
fractionation  by  crystallization  of  the  material  rich  in  p-xylene 
yielded  a  very  pure  sample  of  this  hydrocarbon.    (See  Table  4.) 

Systematic  crystallization  of  the  impure  eutectic  mixture  resulted 
in  the  separation  of  a  crystal  fraction  which  froze  at  a  constant  tem- 
perature of  —55°  C.  This  freezing  point  agreed  well  with  the  value 
recorded  by  Nakatsuchi 18  for  the  freezing  point  of  a  synthetic  eutectic 
mixture  of  and  m-xylene.  The  identity  of  this  material  was  defi- 
nitely established  by  comparing  its  properties  with  those  of  a  eutectic 
mixture  of  the  two  isomers,  made  by  mixing  them  in  the  proportions 
prescribed  by  Nakatsuchi. 

By  alternating  distillation  with  crystallization  as  required,  a  system- 
atic fractionation  of  the  eutectic  mixture,  in  which  cute  were  made  to 
accord  with  refractive  index  and  freezing  point,  resulted  in  the  isola- 
tion of  a  small  sample  of  m-xylene.  This  sample  is  designated  in 
Table  3  as  "best  by  physical  means."  19 

One  other  sample  of  m-xylene  was  isolated  from  the  eutectic  mix- 
ture by  sidphonating  it  at  0°  C.  Twice  the  eauivalent  amount  of 
concentrated  sulphuric  acid  (d=1.84)  was  slowly  added  to  the  oil 
over  a  period  of  6  to  12  hours,  during  which  time  the  mixture  was 
constantly  stirred  while  surrounded  by  an  ice  bath.  Reaction  was 
allowed  to  continue  at  this  temperature  for  a  total  of  24  hours,  at  the 
end  of  which  time  the  acid  layer  was  separated,  mixed  with  an  equal 
volume  of  dilute  sulphuric  acid  (1  :  1  by  volume)  and  steam  distilled. 
Hydrolysis  took  place  most  effectively  at  130°  to  135°  C,  although  to 
some  extent  below  and  above  this  temperature  range.20    Nearly  pure 


»  M.  M.  Hicks-Bruun  and  J.  H.  Bruun,  B.  8.  Jour.  Research,  vol.  8,  p.  528,  1032. 
"  A.  Nakatsuchi,  J.  8oc.  Chem.  Ind..  Japan,  vol.  29,  p.  29,  1926. 

>»  The  difficulty  of  isolating  m-xylene  from  its  eutectic  mixture  with  p-xylene  may  be  appreciated  from  the 
fact  th.it  the  major  portion  of  the  mixture  distills  at  substantially  a  constant  temperature,  vis,  138.6°  to 
138.7°  C.  The  residue  remaining  in  the  still  at  the  end  of  the  distillation  is.  however,  somewhat  richer  in 
m-xylene.  Moreover,  the  eutectic  mixture  contains  85  parts  by  weight  of  m-xylcne  and  freezes  only  7° 
below  the  freezing  point  of  that  component. 

»  For  further  study  of  sulphonation  and  hydrolysis  as  a  means  for  separating  and  analyzing  xylene  mix- 
tures soe:  (o)  O.  Jacobsen,  Ber.,  vol.  10,  p.  1009,  1877.  (6)  J.  M.  Crafts,  Compt.  rend.,  vol.  114,  p.  1110, 
1892.  (c)  H.  T.  Clarke  and  E.  R.  Taylor,  J.  Am.  Chem.  Soc.,  vol.  45,  p.  830.  1923.  (d)  T.  8.  Patterson,  A. 
•  McMillan,  and  R.  Somerville,  J.  Chem.  Soc.,  vol.  125,  p.  24«8, 1924.  (e)  N.  Kishner  and  O.  Vendelshtein, 
J.  Russ.  Phys.  Chem.  Soc,  Chem.  Part,  vol.  67,  p.  1,  1926.  (/)  A.  Nakatsuchi,  J.  Soc.  Chem.  Ind.,  Japan , 
vol.  32.  Suppl.  Binding,  p.  336,  1929. 
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m-xylene  was  thus  obtained,  which  upon  fractional  crystallization 
yielded  a  sample  of  m-xylene  of  very  high  purity.  This  sample  is 
designated  in  Table  3  and  Figure  4  as  "best  by  sulphonation." 

VII.  PROPERTIES  OF  THE  ISOLATED  XYLENES 

To  establish  the  identity  of  the  isolated  xylenes,  the  purest  sample 
of  each  was  selected  on  the  basis  of  its  behavior  on  freezing,  and  the 
physical  properties  of  each  of  these  were  compared  with  the  physical 
properties  of  the  corresponding  synthetic  xylene  reported  in  the  litera- 
ture. In  addition,  a  similar  comparison  was  made  in  the  case  of 
m-xylene  and  ^-xylene,  with  samples  obtained  from  the  Bureau  des 
Etalons  Physico-Chimiques  in  Brussels.  These  highly  pure  samples 
were  prepared  by  J.  Timmermans  and  his  coworkers.  The  results  of 
these  comparisons  are  tabulated  in  Tables  2,  3,  and  4.  The  density 
measurements  were  made  by  the  Division  of  Weights  and  Measures  of 
this  Bureau.  The  other  properties  were  determined  by  the  writers. 
Refractive  indices  were  measured  with  a  calibrated  Abbe*  refractom- 
eter  (V alentine  design)  under  well-controlled  temperature  conditions. 
Readings  could  be  readily  made  to  within  two  units  in  the  fifth 
decimal  place  and  the  values  listed  are  estimated  to  be  correct 
to  within  ±  0.00005.  Boiling  points  were  determined  in  a  Cottrell 
boiling-point  apparatus.  During  the  process  the  entire  mercury 
thread  of  the  thermometer  was  surrounded  by  the  condensing  vapors. 
Freezing  points  were  detennined  either  with  a  platinum  resistance 
thermometer  or  a  5-j  unction  thermocouple  calibrated  against  the 
thermometer.  It  is  believed  that  the  values  reported  are  correct  to 
within  ±0.02. 

Table  2. — Comparison  of  the  physical  constants  of  o-xylene  from  petroleum  with 
previously  reported  constants  of  synthetic  o-xylene 


Sample 

n25 

Boiling 
point,  760 
mm  Hg 

Freer ing 
point  (In 
dry  air) 

10.87445 
'.874 

•0.88040 
♦.880 

1.50301 
<  1.5033 

°C. 
144.4 
U44 

°C. 

•-25.30 
•-25.74 

1  ±0.00001.  Determined  by  the  section  of  capacity  and  density  of  this  bureau. 

» Calculated  from  value  determined  at  27°  C,  assuming  the  same  temperature  coefficient  as  for  tn-xylene. 
'  Determined  w  ith  platinum  resistance  thermometer. 

•  K .  Von  Auwers,  Ann.,  vol.  419,  p.  92, 1919.   Calculated  from  values  given  for  20°  C. 

•  Int.  Crit.  Tables,  vol.  1,  p.  219  (McGraw-Hill  Book  Co.,  1926). 

•  A.  Nakatsuchi,  J.  8oc.  Cbem.  Ind.,  Japan,  vol.  32,  Suppl.  Binding,  p.  333;  1929. 

Table  3. — Comparison  of  the  physical  constants  of  certain  samples  of  m-xylene 
with  previously  reported  constants  of  synthetic  m-xylene 

Sample 

n  D 

Boiling 
point  760 
mm  Hg 

Freezing 
point  (In 
dry  air) 

From  petroleum: 

From  Bureau  des  Etalons  Physico-Chimi- 
ques (Timmermans)  

Synthetic  (previously  reported)  

•  0.86817 
'.85821 

>.85821 
<».86806 

»  0. 80412 
'.86416 

*.86416 
<».  86401 

1.49467 
1. 49*168 

1. 49467 
•1.494S 

°C. 
139.15 
139.15 

139. 15 
« 139. 30 

•c 

1-47.89 
-49. 13 

•-48.05 
« '-47.55 

i  ±0.00001.  Determined  by  the  section  of  capacity  and  density  of  this  bureau. 

>  Calculated  from  values  determined  at  27°  C. 

I  Determined  with  platinum  resistance  thermometer. 

*  J.  Timmermans,  J.  chlm.  phys.,  vol.  27,  p.  402, 1930. 

»  Calculated  from  value  given  for  30°  C.  . 

•  Int.  Crlt.  Tables,  vol.  1,  pp.  219,  277  (McGraw-Hill  Book  Co.),  1926.  Calculated  from  value  given  for 
20°  C. 

'  Recent  value  given  in  a  private  communication  from  Dr.  Timmermans. 


Digitized  by  Google 


718 


Bureau  oj  Standards  Journal  of  Research 


I  Vol.  9 


Table  4. — Comparison  of  the  physical  conslonts  of  certain  samples  of  p-xylene 
with  previously  reported  constants  of  synthetic  p-xylene 


Sam  pi* 

„  » 

Bolllug 
point  7fi0 
mm  Hg 

 .  _ 

r  reezmg 
point  (In 
dry  air) 

'0.8M98 

>.  8550<* 
«».  85491 

« 0.86107 

'.86118 
< ».  86100 



1.49330 

1.4KJ20 
<•  1.48870 

°C. 
138.4 

138.4 
♦138.40 

•c. 

•  13.  31 

•13.31 

f       «  13.  35 
i       •  13. 18 

From  bureau  des  F.  talons  Physico-Chiml- 
(jues  (Timmermans)  

«  ±0.00001.  Determined  by  the  section  of  capacity  and  density  of  this  bureau. 
»  Calculated  from  values  determined  at  27°  C. 

•  Determined  in  this  bureau  by  B.  J.  Malr  with  a  platiuum  rasistnuee  thermometer. 

•  3.  Timmermans,  J.  chlm.  pbys.,  vol.  23,  p.  766,  1826. 
4  Calculated  from  values  given  for  15°  C. 

•  A.  NakatsuchL  J.  8oc.  Chem.  Ind..  Japan,  vol.  32,  Sappl.  Binding,  p.  333,  1929. 
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As  a  test  of  purity  of  the  samples  of  the  isolated  hydrocarbons, 
their  behavior  during  freezing  was  determined.  Figure  3  shows  the 
time-temperature  cooling  curve  of  o-xylenc  isolated  from  petroleum, 
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Figure  5. — Freezing  curves  of  p-xylene 


while  Figures  4  and  5  show  similar  curves  for  the  several  samples  of 
m-  and  p-xylene  which  include  those  isolated  from  petroleum.  The 
very  narrow  temperature  range  during  the  course  of  freezing  (shown 
by  the  slope  of  the  flattened  portion  of  the  curves)  indicates  that  the 
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Figure  6. — Infra-red  absorption  spectra  of  the  xylenes 

Energy  transmission  curves  showing  the  infra-red  absorption  spectra  of  the  three  isomeric  xylenes  In  4  mm 
cell  depth  from  the  emission  of  a  tungsten  filament  lamb.  The  broad  bands  from  1.66  m  to  1.76  p  and  1.14  m 
to  1.21  it  are  the  first  and  second  overtones,  respectively,  of  the  fundamental  hydrocarbon  vibration 
frequency  at  3.3  to  3.4  u-  The  sharp,  peaked  absorption  hands  are  due  to  atmospheric  water-vapor  in 
the  light-path  of  the  spectrograph.  The  bands  at  1.14  and  1.19  show  the  clear  ditlereutiation  m  the 
absorption  of  the  aromatic  and  aliphatic  C  «— ►  H  vibration;  the  1.14  *»  band  being  due  to  the  nuclear 
C-H  absorption,  and  the  1.19  m  band,  the  absorption  of  the  side-chain  C-H.  Slit-width  approx.  20  A. 

best  samples  are  in  a  state  of  high  purity.  Figure  6  shows  the  infra- 
red absorption  spectra  of  the  isolated  xylenes.  The  spectra  were 
recorded  By  U.  Liddel,  of  the  Fixed  Nitrogen  Research  Laboratory, 
Bureau  of  Chemistry  and  Soils. 


Digitized  by  Google 


720  Bureau  of  Standards  Journal  of  Research  i  va.  s 

VIII.  CONTENT  OF  THE  XYLENES  IN  THE  CRUDE  OIL 

Analysis  of  the  various  xylene  fractions  by  the  freezing-point 
method  (thermal  analysis)  shows  that,  based  upon  the  total  xylene 
in  the  crude  oil,  the  three  isomers  are  present  in  the  following  pro- 
portions by  weight: 

o-xylene   3 

m-xylene  -  -  3 

p- xylene.    —  1 

Allowing  for  losses  incurred  during  the  various  stages  of  the  separa- 
tion, it  is  estimated  that  the  total  amount  of  xylenes  in  the  crude  oil 
is  0.3  per  cent. 

IX.  CONCLUSIONS 

This  investigation  confirms  the  results  of  previous  investigators 
that  the  aromatic  constituents  of  petroleum  may  be  readily  concen- 
trated by  extracting  them  with  liquid  sylphur  dioxide.  This  method 
serves  well  as  an  aid  in  isolating  the  hydrocarbons  themselves  from 
petroleum  and  is  superior  to  the  usual  chemical  treatment  by  nitra- 
tion, which,  because  of  the  large  number  of  possible  products,  would 
be  unsuitable  for  the  determination  of  each  of  the  xylenes  present. 
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CHARACTERISTIC  EQUATIONS  OF  VACUUM  AND  GAS- 
FILLED  TUNGSTEN-FILAMENT  LAMPS 

By  L.  E.  Barbrow  and  J.  Franklin  Meyer 


ABSTRACT 

The  manufacture  of  tungsten-filament  incandescent  lamps  has  changed  very 
rapidly  during  recent  years,  and  methods  of  lamp  photometry  have  necessarily 
changed  with  the  changes  in  the  lamps.  Photometric  measurements  have  passed 
very  largely  from  a  mean  horizontal  candlepower  basis  to  a  lumen  basis.  The 
tables  of  characteristic  relations  of  vacuum  lamps,  published  in  1914  and  based  on 
measurements  of  horizontal  candlepower,  are  no  longer  adequate  for  the  newer 
types  and  larger  sizes  of  lamps. 

Logarithmic  equations  of  the  second  degree  are  shown  to  apply  to  vacuum 
lamps  and  to  gas-filled  lamps  in  three  steps.  The  equations  describe  the  char- 
acteristics of  miniature  lamps  as  well  as  large  lamps.  Tables  of  characteristic 
relations,  based  on  normal  efficiencies  of  10.0,  12.5,  and  16.0  lumens  per  watt, 
computed  by  means  of  the  characteristic  equations,  furnish  means  for  ready 
calculation  of  light  output,  current,  power  input,  and  operating  efficiency  over  a 
range  of  voltages  from  55  per  cent  of  normal  voltage  for  vacuum  lamps,  and  80 
per  cent  of  normal  voltage  for  gas-filled  lamps,  to  120  per  cent  of  normal  voltage 
for  all  types  and  sizes  up  to  150  watts,  and  to  132  per  cent  of  normal  voltage  for 
large  gas-filled  lamps,  sizes  200  watts  and  up. 
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I.  INTRODUCTION 

In  a  previous  Bureau  of  Standards  publication1  the  derivation  of 
characteristic  equations  of  the  form 

•  ym  =  Aj>  +  B#+C  (1) 


from  data  obtained  on  vacuum  tungsten  lamps  was  fully  described 
and  applications  of  the  equations  to  problems  of  the  lamp  standardiz- 
ing and  testing  laboratory  were  illustrated.  The  equations  were 
shown  to  express  the  relations  of  voltage  to  candlepower,  to  current, 
to  watts  input,  and  to  the  "efficiency,"  expressed  in  terms  of  watts  per 
candle,  over  the  range  from  3.3  to  0.7  watts  per  candle.  In  these 
equations  the  variable  x  is  the  logarithm  of  the  ratio  of  any  voltage  to 
that  voltage  at  which  a  lamp  operates  when  it  emits  light  at  an  assumed 

i  Middlekanff  and  Skogland,  Characteristic  Equations  of  Tungsten  Filament  Lamps,  B.  8.  Sd.  Paper 

No.  2W.   Bull.  B.S.,  vol.  11,  p.  483.  1915. 
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"normal"  efficiency.  The  variable  yH  is  the  logarithm  of  the  ratios 
of  currents,  candlepowers,  or  watts  at  these  voltages,  or  the  logarithm 
of  "efficiency,"  expressed  in  watts  per  candle,  at  any  voltage.  A, 
B,  and  C  are  constants.  Tables  of  the  characteristic  relations  were 
included  in  the  original  paper.  These  have  proved  very  useful  in 
lamp  testing  and  standardization,  but  need  to  be  revised  and  ex- 
tended in  order  to  be  applicable  to  lamps  manufactured  now.  The 
necessary  revisions  and  extensions  are  included  in  this  paper. 

II.  THE  LUMEN  BASIS  OF  INCANDESCENT  LAMP 

MEASUREMENT 

1.  CHANGES  IN  LAMP  CONSTRUCTION 

The  earlier  paper  was  published  before  the  integrating  sphere 
photometer  had  come  into  general  use  for  measuring  the  total  light 
output  of  lamps.  Practically  all  lamps  then  had  "squirrel-cage" 
filaments  in  clear  bulbs  and  were  rated  by  the  manufacturers  at  so- 
called  efficiencies  expressed  as  watts  per  mean  horizontal  candle. 
Photometric  measurements  made  on  a  horizontal  bar  photometer 
were  therefore  all  that  were  required  for  the  rating  of  lamps. 

Within  the  last  few  years  bulb  sizes,  shapes,  and  finishes  have  been 
changed,  as  have  also  the  methods  of  mounting  and  supporting  the 
filament.  Inside-frosted,  diffusing  bulbs  are  used  now  on  all  sizes  of 
lamps  from  15  to  100  watts,  and  on  many  of  the  larger  sizes  of  lamps. 
The  ring-wound,  coiled  filament  has  replaced  the  "squirrel-cage" 
type  of  filament  mounting.  Besides,  practically  all  lamps  of  40  watts 
and  above  are  now  gas-filled  instead  of  vacuum.  These  changes  in 
the  construction  of  lamps  have  caused  changes  in  their  characteristics 
which  have  been  taken  into  account  in  the  equations  and  tables  of 
this  paper. 

2.  PHOTOMETRY  OF  VACUUM  AND  GAS-FILLED  LAMPS 

It  has  long  been  known  that  horizontal  candlepower  measurements 
on  gas-fiUed  lamps  present  great  difficulties  and  are  generally  unreli- 
able.2 Besides,  for  most  illuminating  engineering  purposes  a  knowledge 
of  the  total  light  output  of  lamps  rather  than  the  candlepower  in  a 
particular  direction  is  desired.  Horizontal  candlepower  measure- 
ments on  all  types  of  lamps  therefore  have  been  given  up  almost 
entirely  in  commercial  and  testing-laboratory  practice,  and  measure- 
ments of  spherical  candlepower  or  total  flux  have  taken  their  place. 
In  this  paper  the  watts-per-candle  basis  of  the  characteristic  equations 
*  given  in  Scientific  Paper  No.  238  has  been  replaced  by  a  lumen-per- 
watt  basis. 

To  make  the  equations  of  Scientific  Paper  No.  238  applicable  to 
vacuum  lamps  when  measured  in  lumens,  conversion  of  mean  hori- 
zontal candlepower  values  to  lumen  values  is  necessary.  The  spherical 
reduction  factor,  that  is,  the  ratio  of  mean  spherical  candlepower  to 
mean  horizontal  candlepower,  for  vacuum  tungsten  lamps,  with 
"squirrel-cage"  filament  mountings,  such  as  were  used  in  1914,  is 
approximately  0.78.  The  normal  basis  for  photometric  measurements 
of  vacuum  tungsten  lamps  was  formerly  generally  accepted  as  1.20 

*  M  iddlekaaff  and  Skogland.  Photometry  of  Oas-FDIed  Lamps,  Elec.  World,  Deo.  38, 1914.  p.  1348;  and 
B.  8.  Sd.  Paper  No.  284.  Bull.  B.  S.,  vol.  12,  p.  589,  1015-10.  C.  H.  Sharp,  Trans,  in.  Eng.  Soc.,  vol.  9, 
p.  1021,  1914. 
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watte  per  mean  horizontal  candle.  This  normal  value  of  1.20  watts 

(0  78  X  4  x  \ 
'  ^  9Q —  =  8. 1 7  J  when  the 

lamps  are  measured  on  a  lumen  basis.  This  is  a  much  lower  efficiency 
than  that  at  which  most  vacuum  tungsten  lamps  are  now  made,  and 
consequently  a  value  of  10.0  lumens  per  watt  has  been  arbitrarily 
chosen,  on  which  basis  tabular  values  for  vacuum  tungsten  lamps  are 
calculated  in  this  paper.  The  characteristics  of  clear  vacuum  tungsten 
lamps  as  derived  m  1914  have  been  found  to  apply  also  to  the  inside- 
frosted  vacuum  lamps  as  made  to-day,  so  that  the  equations  and 
tables  in  this  paper  for  vacuum  lamps  are  fundamentally  the  same 
as  those  contained  in  Scientific  Paper  No.  238,  but  are  modified 
from  the  candle  to  the  lumen  basis  an4  the  normal  efficiency  is  in- 
creased from  8.17  to  10.0  lumens  per  watt.  The  equations  for  gas-filled 
lamps  have  different  constants,  but  are  of  the  same  form  as  the 
equations  for  vacuum  lamps. 

The  data  from  which  were  derived  the  equations  for  gas-filled 
lamps  of  sizes  ranging  from  200  watts  up  are  the  result  of  a  very  large 
number  of  measurements  made  over  a  period  of  10  years  at  the  Bureau 
of  Standards  and  at  the  laboratories  of  manufacturers  of  incandescent 
lamps.  The  normal  efficiency  chosen  for  these  equations  is  16.0 
lumens  per  watt.  It  has  been  found,  however,  that  these  equations 
do  not  nt  the  characteristics  of  the  smaller  sizes  of  gas-filled  lamps. 
Two  other  sets  of  equations,  one  for  gas-filled  lamps  of  sizes  60  to  150 
watts,  and  the  other  for  gas-filled  lamps  of  40  and  50  watts  have  been 
derived.  Both  of  these  sets  of  equations  are  on  a  normal  basis  of  12.5 
lumens  per  watt.  It  has  been  found,  also,  that  the  200  to  500  watt 
equations  and  60  to  150  watt  equations  describe  the  characteristics 
of  32  and  21  candlepower  automobile  headlamps,  respectively,  while 
the  40  to  50  watt  equations  are  suitable  for  3  candlepower*  6  to  8 
volt  lamps. 

III.  THE  CHARACTERISTIC  EQUATIONS  OF  INCANDES- 
CENT LAMPS 

The  logarithmic  form  of  characteristic  equation  as  applied  to  vac- 
uum lamps  is  completely  discussed  by  Middlekauff  and  Skogland  in 
their  original  paper,3  page  494  and  following.  The  form  of  equation 
for  vacuum  lamps: 

yu-Aj*+B#+C      (n-1,  2, 3, 4)  (1) 

is  found  to  apply  to  gas-filled  lamps  also.  In  this  equation  the  inde- 
pendent variable  x  refers  to  voltage,  and  ym  and  the  corresponding 
constants  Ant  BHt  and  C  to  the  efficiency  in  lumens  per  watt  (n  =  1), 
light  putput  (n  =  2),  power  (n  =  3),  and  current  (ft  =  4).  There  are 
then  four  problems  to  which  the  general  equation  is  applicable.  The 
variable  x  is  the  logarithm  of  the  voltage  ratio  in  each  case;  that  is 

x=log  (voltage  ratio) 

and 

yi  =  log  (lumens  per  watt) 
2/2= log  (light  output  ratio) 
Vt  —  log  (power  ratio) 
2/4  =  log  (current  ratio) 


•  See  footnote  1, 
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Constants  AH,  Bn>  and  C  have  been  computed  on  the  selected  normal 
bases  of  10,  12.5,  12.5,  and  16  lumens  per  watt,  respectively,  for  vac- 
uum lamps  and  for  the  three  groups  of  different  sizes  of  gas-filled 
lamps.  Tnese  constants  for  the  vacuum-lamp  equations  were  derived 
from  the  constants  contained  in  Bureau  of  Standards  Scientific  Paper 
No.  238,  as  previously  indicated.  For  the  various  sizes  of  gas-filled 
lamps  they  were  determined  by  setting  up  logarithmic  curves  of  the 
relations,  voltage  ratio  to  luminous  flux  ratio,  and  voltage  ratio  to 
efficiency,  using  data  obtained  on  several  sizes  of  lamps  measured 
over  a  wide  range  of  voltages.  The  coefficients  Bx  and  B2  were  then 
determined  as  tne  slopes  of  these  curves  at  the  normal  efficiency. 
The  coefficients  Ax  ana  A2  were  determined  from  the  rates  of  change 
of  these  slopes.  Coefficient  C  is  the  logarithm  of  the  normal  efficiency. 
Coefficients  A%)  Ait  B%  and  B4  are  not  independent  of  the  above  co- 
efficients, As  and  A+  being  equal  to  (At-Ax),  Bt  being  equal  to 
(B2-Bx),  and  BA  being  equal  to  (Bt- 1). 


General  equation: 


Table  1. — Constants  in  the  characteristic  equations 


in  which  x  la  log  (voltajce  ratio), 
this  table. 


».=>4a»+Brf+C  (1) 
y.  Is  the  logarithm  of  the  quantity  given  in  the  right-hand  column  of 

CON6TANT8 


Bt. 


O... 


ft: 


Vacuum 
lamps 


Size 


15-60  w 

40-50  w 

60-150  W  | 

200-500  w 

Normal  lumens  per  watt 

10.0 

12.6 

12.5 

16.0 

-a  oi8 

1.932 

1.00000 
-.  img 

3.613 
-.028 

1.6806 
-.028 
.6805 

-1.482 
2.162 

i.t»»i 

-1.426 
3.6*5 
.057 
L523 
.057 
.523 

-1.726 
2.0W) 
1.09691 
-1.  66U 
3.613 
.057 
1.523 
.057 
.523 

-1.690 
1.841 
1.20412 
-1.607 
3.384 
.US3 
1.543 
.083 
.543 

Used  to  compute 


Lumens  per  watt. 
Do. 
Do. 

Light  output  (lumens) 
Do. 

Power  (watts)  ratio. 
Do. 

Current  (amperes)  ratio. 
Do. 


•  C=0  for  the  other  relations. 

Exam-pie. — The  lumens-per-watt  equation  for  600-watt,  gas-filled  lamps,  with 
normal  (100  per  cent)  value  at  16.0  lumens  per  watt,  is 

yx  =  -  1.690x»+ 1.841*+ 1.20412 
where  x  is  the  logarithm  of  the  ratio  of  any  desired  voltage  to  the  voltage  at 
normal  efficiency  (16.0  lumens  per  watt)  and  yx  is  the  logarithm  of  the  efficiency 
of  the  lamps  at  the  desired  voltage. 

It  is  of  interest  to  note  that  the  coefficient  of  x  (Bit  Bif  Bit  or  B*)  in  each  case  in 
Table  1  is  very  closely  the  exponent  of  the  relationship  existing  between  voltage  and 
any  one  of  the  dependent  variables  listed  in  the  last  column  of  the  table.  For 
example,  the  efficiency  of  500- watt  lamps  varies  as  the  1.84  power  of  the  voltage; 
the  luminous  flux  varies  as  the  3.38  power  of  the  voltage;  and  the  current  varies 
as  the  0.54  power  of  the  voltage.  These  exponents  are  strictly  applicable  only 
for  small  changes  of  voltage  near  normal  efficiency,  but  can  be  used  through  a 
wider  range  of  voltages  where  only  fairly  close  approximations  are  required. 

There  are  16  characteristic  equations  that  can  be  written  by  using 
the  constants  of  Table  1  to  cover  the  four  groups  of  lamp  sizes,  and  the 
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four  dependent  characteristic  variables  of  each  group.  It  is  not 
convenient,  however,  to  use  these  equations  directly  in  computations, 
because  one  usually  does  not  know  the  voltage  at  which  a  particular 
lamp  is  to  be  operated  to  give  the  normal  efficiency,  and  this  must  be 
determined  before  the  equations  can  be  used  to  give  the  value  of  any 
of  the  dependent  variables  at  any  desired  voltage.  To  facilitate 
computations,  Tables  2,  3,  4,  and  5,  which  follow,  have  been  set  up  by 
using  the  16  characteristic  equations,  and  their  use  is  discussed  below. 


IV.  TABLES  OF  CHARACTERISTIC  RELATIONS  OF 
VACUUM  AND  GAS-FILLED  TUNGSTEN  LAMPS 

L  CHARACTERISTICS  OF  VACUUM  TUNGSTEN  LAMPS 

Table  2. — Characteristic*  of  vacuum  tungsten  lamps,  15  to  60  waits  (normal 

efficiency,  10  lumens  per  watt) 

Vi  -  -0.918rH-l.B32x  +1.000  (used  to  obtain  column  2) 
yj  =  -o .'.ufti'+3 .513*  (used  to  obtsln  column  3) 

y4~-0.02$j»-f  0.5*o.\r  (used  to  obtain  column  4) 
fi-  — 0.028Lr*-H.58G5ir         (used  to  obtain  column  5) 


Percent- 

t —  [percent- 

Percent- 

Percent. 

Percent- 

Lumens 

Percent- 

Percent- 

Percent- 

age of 

Hire  of 

age  of 

ago  of 

ile  of 

iles  of 

flZB  Of 

age  of 

Ikst 

normal 

normal 

normal 

normal 

per 

normal 

normal 

normal 

nJ3ta1 

watt 

lumens 

amperes 

watts 

volts 

watt 

lumens 

amperes 

watts 

l 

2 

3 

4 

5 

1 

• 

2 

3 

4 

2.74 

10.6 

7ft  4 

38.7 

90 

8. 12 

OA  rt 

56 

2.  S3 

11.4 

71. 1 

Z9.S 

91 

s!30 

71.6 

94.7 

S6.  i 

57 

2.97 

12.2 

71.9 

41.0 

92 

8.  49 

74.4 

95.3  , 

87.6 

58 

3. 10 

13. 1 

72.6 

42. 1 

93 

8.67 

77.3 

95. 9 

89.2 

50 

3.23 

14.0 

73.4 

43.3 

94 

886 

80.3 

96.6 

90.7 

60 

3.  36 

14.9 

74.1 

44.4 

96 

9.05 

83.4 

97. 1 

92.2 

61 

3.  49 

15.9 

74.8 

45.6 

96 

y.  23 

86.  6 

97.7 

93.7 

62 

3.62 

17.0 

75.5 

46.8 

97 

9.42 

89.8 

98.3 

95.3 

63 

3.76 

181 

76.3 

480 

98 

9.61 

93. 1 

98.8 

96.8 

64 

3.90 

19.2 

77.0 

49.3 

99 

9.80 

96.6 

99.4 

98.4 

65 

4.04 

20.4 

77.7 

50.6 

100 

10.00 

100.0 

100.0 

100.0 

66 

4. 16 

21.6 

784 

51.7 

101 

10  19 

103.5 

100.6 

101.6 

67 

4.33 

22.9 

79.1 

53.0 

102 

10  39 

107.2 

101.2 

103.2 

68 

4.  47 

24.3 

79.8 

54.3 

103 

10.68 

111.0 

101.7 

104.8 

69 

4.62 

25.7 

80.5 

55.5 

104 

10.78 

114.8 

102.3 

106.4 

70 

4.77 

27. 1 

81.2 

56.8 

105 

10.98 

1186 

102.9 

108.0 

71 

4.92 

28.6 

81.8 

58.1 

106 

11. 18 

122.5 

103.4 

109.6 

72 

5.08 

30.2 

82.5 

59.4 

107 

11.38 

126.5 

104.0 

111.3 

73 

5.23 

31.8 

83.2 

60.7 

108 

11.58 

130  6 

104.6 

112.9 

74 

6.39 

33.5 

83.9 

62.1 

109 

11. 76 

134.8 

105.1 

114.6 

75 

5.55 

35.2 

84.5 

63.4 

no 

11.98 

139.2 

105.7 

116.3 

76 

5.71 

37.0 

85.2 

64.7 

111 

12.18 

143.6 

106.2 

117.9 

77 

5.  87 

3H.S 

85.9 

66.1 

112 

12.38 

148.1 

106.8 

119.6 

78 

6.04 

40.  7 

86.5 

67.5 

79 

6.20 

42.7 

87.2 

688 

113 

12.50 

162.7 

107.3 

121.3 

114 

12.79 

157.4 

107.9 

123.0 

80 

6.37 

44.7 

87.8 

702 

115 

13.00 

162.1 

108.4 

124.7 

61 

6.54 

46.8 

88.4 

71.6 

116 

13.21 

166.9 

109.0 

126.4 

82 

6.71 

49.0 

89.1 

73.0 

83 

6.88 

51.2 

89.7 

74.5 

117 

13.41 

171.8 

109.5 

128.1 

84 

7.05 

53.5 

90.3 

75.9 

118 

13.62 

176.8 

110.0 

129.9 

85 

119 

13.83 

181.9 

110  6 

131.6 

7.23 

55.9 

91.0 

77.3 

120 

14.04 

187.2 

111.1 

133.3 

86 

7.40 

58.3 

91.6 

78.8 

87 

7.58 

60.8 

92.2 

80.2 

88 

7.76 

63.4 

92.8 

81.7 

89 

7.94 

66.0 

93.4 

83.1 

145879—32  2 
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2.  METHOD  OF  USING  THE  TABLES  OF  CHARACTERISTIC  RELATIONS 

The  method  of  using  these  tables  is  as  follows: 

1.  It  is  assumed  that  a  lamp  has  been  photometered  and  that  at 
a  given  voltage  V0,  the  current  Aq,  and  lumen  output  L0  have  been 
directly  measured,  and  from  these  values,  the  watts,  W0,  and  lumens 
per  watt,  U  have  been  computed.  It  is  required  to  find  the  current, 
Au  lumens  Lx,  watts  Wx,  and  lumens  per  watt,  lXf  at  the  required 
voltage  Vx. 

2.  The  tables  must  be  entered  at  the  value  of  lumens  per  watt, 
lo,  or  if  Iq  is  not  a  tabulated  value,  then  at  the  value  of  k  interpolated 
into  the  table. 

3.  In  the  line  of  the  table  in  which  lo  is  found  or  interpolated 
(column  2  of  each  table)  read  or  interpolate  Vh  Ah  Lh  and  Wt,  which 
are  the  percentages  of  normal  volts,  amperes,  lumens,  and  watts, 
respectively,  for  the  lamp  when  operated  at  lo  lumens  per  watt. 
Thus  V0  is  Vt  per  cent  of  normal  volts,  Ao  is  At  per  cent  of  normal 
amperes,  Lo  is  Lt  per  cent  of  normal  lumens  and  Wo  is  Wt  per  cent 
of  normal  watts. 

4.  The  voltage  Vx  at  which  it  is  required  to  determine  the  current, 
watts,  lumens,  and  lumens  per  watt  of  the  lamp  is  then  (Fi/Vq)  X  Vt 
per  cent  of  normal  volts;  that  is,  letting  V't  be  the  per  cent  of  normal 
volts  of  the  lamp  at  Vx  volts 

In  the  line  of  the  table  containing  V t  or  in  an  interpolated  line,  read 
or  interpolate  l'h  U „  A' t  and  W't,  the  lumens  per  watt,  per  cent  of 
normal  lumens,  per  cent  of  normal  amperes,  and  per  cent  of  normal 
watts,  respectively,  of  the  lamp  when  operated  at  Vx  volts. 
Then 

l\  —  l't  =  lumens  per  watt  at  Vx  volts 

Li  =  Lo(L't/Lt)  =  lumens  at  Vx  volts 
Ax=Ao {A' J At)  —  amperes  at  Vx  volts 
Wx=W0(W't/Wt)  =  w&tt8  at  Vx  volts 

also 

Wx  =  VXAX 

(a)  NUMERICAL  EXAMPLES  ILLUSTRATING  THE  USB  OF  TABLES  2  TO  5 

Example  1. — Given  a  vacuum  tungsten  lamp,  which  when  burned  at  115  volte, 
emits  243  lumens,  and  takes  a  current  of  0.220  amperes.  This  lamp  will  here- 
after in  this  example  be  referred  to  as  the  test  lamp. 

To  find  the  lumen  output,  lumens  per  watt,  current  and  power  input  of  the 
test  lamp  at  124  volts. 

Solution. — Find  first  by  direct  computation  the  watts  and  lumens  per  watt 
as  follows: 

Watts  =  1 15  X  0.220  -  25.3. 
Lumens  per  watt—  243-h  25.3  =  9.61. 
The  known  values  of  the  lamp  are  then: 
Vo=H5  volte. 
Aq= 0.220  amperes. 
Wo =25.3  watts. 
!/<)■=  243  lumens. 
io*=9.61  lumens  per  watt. 
Enter  table  2  (column  2)  at  9.61  lumens  per  watt  to  determine  the  per  cent  of 
normal  voltage  at  this  efficiency.    From  column  1  of  the  line  containing  9.61 
lumens  per  watt  we  find  that  the  lamp  operates  at  98  per  cent  of  normal  volts. 
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Since  115  volts  is  then  98  per  cent  of  normal  volts,  124  volts  is  (124/115)  X98= 
105.7  per  cent  of  normal  volts.  The  line  of  the  table,  interpolated  (column  1) 
containing  105.7  per  cent  of  normal  volts  contains  also  the  lumens  per  watt  and 
percentages  of  normal  lumens,  amperes,  and  watts  of  the  lamp  at  124  volts. 
By  multiplying  the  known  values  of  lumens,  amperes,  and  watts  at  115  volts  by 
the  ratioe  of  the  percentage  values  read  from  lines  corresponding  to  105.7  per 
cent  and  98  per  cent  of  Table  2,  values  at  124  volts  are  obtained, 
The  tabular  statement  below  contains  the  complete  calculations: 


,1 

V  alues  read 

directly 
from  table 
2,  9.01  lu- 
mens per 
wntt  cor- 
responding 
to  98  per 
cent  volt* 

Values  in- 
terpolated 
into  table 
2.  at  105.7 
per  cent 
volts 

I  ornputation 
to  124  volts 
from  columns 
2  and  3 

Computed  values  at 
124  volts 

1 

2 

3 

4 

5 

Lumens  per  wait-  

9.61 
Ptr  cent 
93.1 

98.8 

96.8 

11. 12 
Per  cent 
121.3 

103.25 

109.  1 

11.12  lumens  per  watt. 
317  lumens. 
0.230  amperes. 
28.5  watts. 

243X121.3 
\ri  1 
0.  220X103  25 

25.3X109. 1 
96.8 

Watta  

Note. — Column  5  Rives  the  required  values. 


Example  2. — A  100-watt,  gas-filled  tungsten-filament  lamp  is  measured  at  125 
volts  and  the  following  values  arc  obtained: 

V0=  125  volts. 
Ao= 0.912  amperes. 
fT0=114  watts. 
Lo=  1,888  lumens. 
io=  16.56  lumens  per  watt. 

Find  amperes,  watts,  lumens,  and  lumens  per  watt  at  100  volts.  Table  4,  page 
728  is  applicable  in  this  example.  Enter  Table  4  to  find  in  column  2,  16.56  lumens 
per  watt.  It  is  not  found,  but  by  interpolation  between  16.49  and  16.76  we  have 
for  16.56  lumens  per  watt,  the  following  values: 

Per  cent  normal  volts     =  115.26=  V,. 
Per  cent  normal  lumens  =164.6  =L». 
Per  cent  normal  amperes  =107.7  =  A,. 
Per  cent  normal  watts    =  124.2  =  W ,. 
Lumens  per  watt  =  16.56  —  lt. 

Then 

V  t  =  VJ  V9  X  V,  =  100/ 125  X 1 1 5.26  =  92.2 

Enter  table  4  at  92.2  per  cent  volts,  interpolate  and  compute  by  using  the 
ratioe  from  lines  115.26  and  92.2  per  cent  normal  volts  in  the  table.  We  obtain 
then: 

74  2 

Lumens  «=  1,888  X  jg^-g=»851 . 

Amperes  -  0.9 12  X        -  0.8 1 2. 

Watts  =  114X^|^=81.1. 
Lumens  per  watt  =  10.49. 
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3.  CHARACTERISTICS  OF  GAS-FILLED  TUNGSTEN  LAMPS 

Table  3.  —Characteristics  of  gas-filled  /amps,  Jfi  to  50  watts  (also  8-candlepotrcr, 
6  to  8  volt  lamps).   Normal  efficiency,  12.5  lumens  per  watt 

yi-1.482r»+2.182r-f 1.09691  (used  to  obtain  column  2) 
f i-  1.425z»4-3.ftS5j  (used  to  obtain  column  3) 

IN  -0.057x»+0.f>2:{x  (used  to  obtain  column  4) 

jfi-0.057x»+1.623x  (tued  to  obtain  column  5) 


Percent- 
age of 

normal 
volts 

Lumens 
per 
watt 

Percent- 
age of 
normal 
lumens 

Percent- 
nee  of 
normal 

Percent- 
age of 

normal 
watts 

Percent- 
age of 

normal 
volts 

Lumens 
per 
watt 

Percent- 
age of 
normal 
lumeas 

Percent- 
aw  of 
normal 

Percent- 
al of 
normal 
watts 

1 

2 

3 

4 

S 

1 

2 

3 

4 

5 

80 
81 
82 
83 
84 

85 
86 
87 
88 
89 

90 
91 
92 
93 
94 

95 
96 
97 
98 
99 

7. 47 
7.71 
7.94 
8.17 
8.41 

8.G5 
889 
9. 14 
9.39 
9.64 

9.89 
10. 14 
10.39 
10.65 
10.91 

11.16 
11.43 
11.70 
11.98 
12.22 

42.6 
44.8 
47.0 
49.3 
51.6 

54.0 
56.5 
59. 1 
61.8 
64.6 

67.4 
70.3 
73.3 
76.3 
79.4 

82.6 

m.  o 

89.4 

92.8 
96.3 

89.1 
89.7 
90.  2 
90.8 
91.4 

91.9 
92.  S 
93.0 
93.6 
94. 1 

94.7 
95.2 
95.8 
96.3 
96.8 

97.4 
97.9 
9S.4 
99.0 
99.6 

71.3 
72.6 
74.0 
75.4 
76.7 

78.1 
79.5 
80.9 
82.3 
83.8  . 

85.2 
86.6 
88. 1 
89.6 
91.0 

92.5 
94.0 
95.5 
97.0 
98.5 

100 
101 
102 
103 
104 

105 
106 
107 
108 

109 
110 
111 
112 

113 
114 
115 
116 

117 
118 
119 
120 

12  50 

12  77 
13.04 
13.31 
13.58 

13.86 
14. 15 
14.43 
14.72 

15.00 
15.28 
15.56 
15.85 

16. 13 
16.41 
16.70 
16.99 

17.27 
17.56 
17.85 
18. 15 

100.0 
103.7 
107.5 
111.4 
115.4 

119.5 
123.7 
128.0 
132  3 

136.7 
141.3 
145.9 
150.7 

155.5 
160.4 
165.4 
170.5 

175.7 
180.9 
186.3 
191.8 

100.0 
100.5 
101.0 
101.6 
102  1 

102  6 
103.1 
103.6 
104. 1 

104.6 
105. 1 
105.6 
106.1 

106.6 
107.1 
107.6 
108.1 

108.6 
109.1 
109.6 
110.0 

100.0 
101.5 
103.1 
104.6 
106.2 

107.7 
109.3 
110.9 
1124 

114.0 
115.6 
117.3 
118.9 

120.5 
122  1 
123.8 
125.4 

127.1 
128.8 
130.4 
1321 

Table  4. — Characteristics  of  gas-fiUed  lamps,  60  to  150  walls,  inclusive  (aUo  21- 
candlepower  6  to  8  volt  lamps).   Normal  efficiency,  12.5  lumens  per  watt 

|fi-  -1.728r» 4-2. 090x4- 1.09691  (used  to  obtain  column  2) 
Vi  =  - 1 .669x»4-3.6l3x  (used  to  obtain  column  3) 

pi-*  0.057x*4-0.523x  (used  to  obtain  column  4) 

Vi~   0.057i>+ 1.623*  (used  to  obtain  column  5) 


Percent- 

Lumens 

Percent- 

Percent- 

Percent- 

■ 

Percent- 

Lumens 

Percent- 

Percent- 

Percent- 

age of 

age  ot 

age  of 

age  of 

age  of 

age  of 

age  of 

al  of 

normal 

;  l«r 

normal 

normal 

normal 

normal 

I>er 

normal 

normal 

normal 

volts 

watt 

I 

lumens 

amperes 

waits 

volts 

watt 

lumens 

amperes 

watts 

1 

2 

3 

4 

5 

1 

2 

3 

4 

5 

80 

7.55 

43.  1 

89. 1 

71.3 

100 

12.50 

100.0 

100.0 

100.0 

81 

7.  79 

45.2 

89.7 

72  6 

101 

12.76 

103.6 

100.5 

101.5 

82 

H  .02 

47.4 

90  2 

74.0 

102 

13.02 

107.4 

101.0 

103. 1 

83 

S.  26 

49.7 

90.8 

75.4 

103 

13.29 

111.2 

101.6 

104.6 

84 

8.49 

52.1 

91.4 

76.7 

104 

13.55 

115.1 

102  1 

106.2 

85 

8.73 

54.5 

91.9 

78.1 

105 

13.82 

119. 1 

102  6 

107.7 

86 

8.96 

.'7.0 

92.5 

79.5 

106 

14.08 

123.  1 

103. 1 

109.3 

87 

9.21 

59.6 

93.0 

80.  9 

107 

14. 34 

127.3 

103.6 

110.9 

88 

9.45 

62.3 

93.6 

82.3 

108 

14.61 

131.5 

104. 1 

112  4 

Ml 

9.70 

65.0 

94.1 

83.8 

114.0 

109 

14.88 

135.8 

104.6 

90 

9. 95 

67.8 

94.7 

85.2 

110 

15.15 

140.2 

105. 1 

115.6 

91 

10.20 

70.7 

9.r>.  2 

86.6 

111 

15.42 

144.7 

105.6 

117.3 

92 

10.  44 

73.6 

l».r..  8 

88.  1 

112 

15.69 

149.2 

106.1 

118.9 

93 

10.70 

76.6 

96.3 

89.6 

120. 5 

94 

10.95 

79.7 

96.8 

91.0 

113 

15.96 

153.8 

108.6 

114 

16.22 

158  6 

107.1 

122. 1 

95 

11.  21 

82.9 

97.4 

92.5 

115 

16.  49 

163.4 

107.6 

123.8 

96 

11.46 

86.2 

97.9 

94.0 

116 

16.76 

168.2 

108. 1 

125.4 

97 

11.72 

8rf.5 

98.4 

95.5 

127.1 

98 

11.98 

92.9 

99.0 

97.0 

117 

17.04 

173.2 

108.6 

99 

1224 

98.4 

99.5 

98.5 

118 

17.31 

178.3 

109.1 

128.8 

119 

17.58 

183.4 

109.6 

iaa  4 

120 

17.84 

188.6 

110.1 

1321 
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Table  5. — Characteristics  of  gat-filled  lamps,  200  to  500  watts  (also  SB-candle- 
power,  6  to  8  volt,  lamps).   Normal  efficiency,  16.0  lumens  per  watt 

y,--1.0Mr*+l.841z+1.3M12  (used  to  obtain  column  2) 
-1. 607x'-4-3.384*  (used  to  obtain  column  3) 

y{=   o  (mri-H).543x  (used  to  obtain  column  4) 

Pi  =■   o.  0Kir> + 1 . 543r  (used  to  obtain  column  5) 


Percent- 
age of 
normal 

volts 

Lumens 
per 
watt 

Percent- 
age of 
normal 
lumens 

Percent- 
age of 
normal 
amperes 

Percent- 
age of 
uormal 
watts 

j 

Percent- 
age of 
normal 
volts 

Lumens 
per 
watt 

Percent- 
ace  of 
normal 
lumens 

Percent- 
age of 
normal 
amperes 

Percent- 
age of 
normal 
watts 

1 

2 

3 

4 

5 

1 

2 

3 

4 

S 

80 
81 
82 
83 
84 

85 
86 
87 
88 
88 

SO 
91 
92 
03 
04 

95 
06 
97 
98 
99 

100 
101 
102 
103 
104 

10.23 
10.51 
10.79 
11.07 
11.35 

11.64 
11.92 

12.21 
12.50 
12.78 

13.07 
13.  36 
13.65 
13.94 
14.24 

14.53 
14.82 
15. 12 
15.41 
15.70 

16.00 
16.30 
16.60 
16.90 
17.20 

45.4 
47.5 
49.7 
52.0 
54.3 

56.6 
59. 1 
61.6 
64.2 
66.8 

69.5 

72.2 
75.  1 
78.0 
80.9 

83.3 
87.0 
90.2 
93.4 
96.6 

100.0 
103.4 
106.  9 
110.5 
114.1 

f>8.7 
89.3 
89.9 
90.5 
91.0 

91.6 
92.2 
92.8 
93.3 
93.9 

94.5 
95.0 
95.6 
96.2 
96.7 

97.3 
97.8 
98.4 
98.9 
99.5 

100.0 
100.  5 
101. 1 
101.6 
102.2 

71.0 
72.4 
73.7 
75. 1 
76.5 

77.9 
79.3 
80.7 
82.1 
83.6 

85.0 
86.5 
88.0 
89.4 
90.9 

92.4 
93.9 
95.4 
fifi.  9 
1*8.5 

100.0 
101.5 
103. 1 
104.7 
106.2 

105 
106 
107 
108 
109 

110 
III 
112 
113 
114 

115 
116 
117 
118 
119 

120 
121 
122 
123 
124 

125 
126 
127 
128 

129 
130 
131 
132 

17.49 
17.78 
18.07 
18.36 
18.66 

18. 95 
19.23 
19.52 
19.81 
20. 10 

20.4 

20.7 

21.0 

21.2* 

21.5* 

21. 8i 

22.  It 
22.4 
22.7 

23.  Oi 

23. 2| 
23. 5i 
23.8* 
24. 1 

24.4 
24. 6i 
24. 9s 
25.2 

117.8 
121.5 
125.3 
129.2 
133.2 

137.2 
141.3 
145.4 
149.6 
153.8 

158 

162.5 

167 

172 

176.5 

181 
186 

190.5 
195.  5 
200.5 

205.5 
210.5 
215.5 
221 

226 
231.5 
237 
242.5 

102.7 
103.2 
103.8 
104.3 
104.8 

105.4 
105.9 
106.4 
106.9 
107.4 

108.0 
108.5 
109.0 
109.5 
110.0 

110.5 
111.0 
111.5 
112.0 
112.5 

113.0 
113.5 
114.0 
114.5 

115.0 
115.5 
116.0 
116.5 

107.8 
109.4 
111.0 
112.6 
114.2 

115.9 
117.5 
119.2 
120.8 
122.5 

124.2 
125.8 
127.5 
129.2 
130.9 

132.6 
134.4 
136.1 
137.8 
139.6 

141.3 
143. 1 
144.8 
146.6 

148.4 
150.2 
152.0 
153.8 

V.  VERIFICATION  OF  THE  CHARACTERISTICS 

The  upper  range  of  efficiencies  of  500-watt  lamps  was  investigated 
several  years  ago  in  connection  with  tests  made  for  the  optical 
division  of  the  Bureau  of  Standards.  Starting  with  a  basic  value  of 
17.6  lumens  per  watt  at  105  volts,  the  following  comparison  of 
observed  and  computed  values  is  an  example  of  the  results  obtained. 

Table  6.— Efficiency  of  500-watt  lamp* 
* 


Volts 

Efficiency  in  lu- 
mens per  watt 

Observed 

Com- 
puted 

90 
100 
105 
110 

12U 
\li 
\X, 

13.2 
16.1 
17.6 
19.1 
21.9 
23.0 
26.3 

13.2 
16.1 

19.1 
2Z0 
23.4 
26.2 
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Values  were  recorded  for  5-volt  steps  upward  to  burn  out,  which 
occurred  within  the  step  from  195  to  200  volts.  Departures  from 
computed  values  were  not  very  extreme  even  at  the  higher  points; 
for  example,  the  observed  value  at  175  volts  was  2.5  per  cent  below 
the  computed  value,  and  at  185  volts  the  corresponding  difference 
was  2  per  cent.  A  prohibitive  amount  of  work  would  be  required  to 
assign  characteristic  values  to  these  extreme  points,  where  the 
observations  have  to  be  taken  rapidly  against  great  odds  of  color 
difference.  Consequently,  no  attempt  has  been  made  to  include 
them  in  the  derivation  of  equations,  and  the  lumens  per  watt  in 
Table  5  terminate  at  25.2. 

Extrapolations  have  been  made  to  points  considerably  below  the 
limits  of  the  tables  for  gas-filled  lamps  in  work  done  on  500- watt 
lamps.  In  this  work  the  voltage  and  light  output  at  color  inatch 
with  and  in  terms  of  vacuum  tungsten  lamps  were  determined.  At 
this  color  the  500-watt  lamps  operated  at  about  6.7  lumens  per  watt. 
Determinations  of  light  output  were  then  made  at  voltages  corre- 
sponding to  16.5  lumens  per  watt  in  terms  of  gas-filled  standards. 
Computed  from  the  voltage  and  light  output  for  color  match  with 
vacuum  tungsten  standards  to  these  upper  voltages,  the  values  of 
light  output  checked  the  values  obtained  by  observation  to  within 
0.3per  cent. 

Tne  entire  range  of  all  the  tables  has  been  explored  by  means  of  a 
physical  photometer  (phototube  photometer).  A  gas-filled  cffisium 
phototube,  corrected  for  color  by  means  of  a  suitable  filter,  and 
attached  to  a  60-inch  integrating  sphere,  was  used.  The  phototube 
circuit  is  similar  to  that  devised  by  Sharp  and  Smith.4  This  photo- 
tube photometer  has  been  used  at  the  Bureau  of  Standards  for  over  a 
year  in  the  rating  of  lamps  for  life  test.  Every  month  the  characteris- 
tics of  the  photometer  are  checked  by  reading  on  it  three  of  each  of 
seven  sizes  of  standard  lamps  ranging  in  size  from  15  to  100  watts. 
The  color  temperature  range  of  the  light  from  these  lamps  is  approxi- 
mately 2,400°  to  2,800°  K.  Each  time  there  has  been  a  remarkably 
close  check  between  the  readings  thus  obtained  and  the  values  assigned 
to  the  lamps  by  visual  photometry  using  an  88-inch  integrating  sphere 
and  Lummer-Brodhun  photometer  head.  There  have  been  other 
checks  on  the  phototube  photometer  from  time  to  time  and  these 
have  shown  the  photometer  to  be  accurate  over  a  large  range  of  color 
temperature  and  flux  (lumen  output). 

All  regular  sizes  of  lamps  from  15  to  500  watts,  and  also  miniature 
lamps  of  3,  21,  and  32  candlepower  have  been  photometered  at 
various  voltages  to  cover  the  range  of  the  tables  of  this  paper.  These 
lamps  were  selected  at  random  from  the  lamps  received  for  life  test 
from  five  different  lamp  manufacturers.  Typical  sets  of  results  are 
given  in  Table  7. 

♦  Sharp  and  8mith,  Trans.  111.  Eng.  Soc.,  vol.  23,  p.  434, 1928. 
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Table  7. — Observed  and  computed  values  of  lumens  and  amperes  on  lamps  of 

various  si  us 

(•)  AVERAGE  OP  TWO  16-WATT, 
VACUUM  LAMPS  (TABLE  2  USED 
TO  OBTAIN  COMPUTED  VALUES) 


Volte 

Amperes 

Photo- 
tube 

Com- 
puted 

Potenti- 
ometer 

Com- 
puted 

80 
90 

100 
115 
125 
130 

34.7 
54 

79 
132 
175 
202 

34.2 

64 

80 

0.108 
.114 
.  122 

.132 
.139 
.142 

a  107 
.114 
.122 

176 
204 

.139 
.142 

(6)  AVERAGE  OP  TWO  40-WATT  OAS- 
FILLED  LAMPS  (TABLE  3  USED  TO 
OBTAIN  COMPUTED  VALUES) 

100 
110 
120 
125 
135 
146 

252 
366 
508 
592 
784 
1.005 

254 
366 
510 

0.332 
.346 
.364 
.370 
.384 
.400 

a  330 
.346 
.362 

.400 

784 
1.008 

(e)  AVERAGE  OF  TWO  3-CANDLE- 
POWER     OAS  -  FILLED  LAMPS 
(TABLE  3  U8ED  TO  OBTAIN  COM- 
PUTED VALUES) 

5-72* 
7.50 
8.00 

|  i. 

34.  2 
51.2 
54.7 
79.8 

0.500 
.527 
.544 
.660 

6L4 
64.8 
80.6 

0.528 
.547 
.  564 

(d)  AVERAGE  OK  TWO  100-WATT, 
GAS-FILLED  LAMP8  (TABLE  4 
USED  TO  OBTAIN  COMPUTED 
VALUES) 


00 
100 
116 
125 
130 


572 
852 
1.411 
1,888 
2.158 


570 
852 


1.888 
2,150 


0.  766 
.810 
.872 

.  yi2 

.931 


0.767 
.811 


.911 
.931 


(«)  AVERAGE  OP  TWO  21 -CANDLE- 
POWER  OAS  -  PILLED  LAMPS 
(TABLE  4  USED  TO  OBTAIN  COM- 
PUTED VALUES) 


A  00 

110 

109 

2. 15 

2.16 

5.50 

156 

155 

2. 26 

2.26 

A  00 

211 

211 

2.36 

2.36 

6.35 

256 

2.44 

(/)  AVERAGE  OP  TWO  200- WATT,  OAS- 
PILLED  LAMPS  (TABLE  5  USED  TO 
OBTAIN  COMPUTED  VALUES) 


90 
100 
116 
126 
129 

1,208 
1,778 
2,912 
3,868 
4,299 

1.216 
1.786 

1.425 
1.507 
1.624 
1.699 
1.728 

1.424 
1.507 

3,847 
4, '285 

1.700 
1.730 

(?)  AVERAGE  OP  TWO  82-CANDLE- 
PO WER.  GAS-FILLED  LAMPS  (TABLE 
5  USED  TO  OBTAIN  COMPUTED 
VALUES) 


4.00 

92 

eo 

2.91 

2.89 

4.50 

142 

141 

3.08 

AOS 

5.00 

206 

206 

A  25 

3.  24 

5.50 

288 

288 

A42 

A42 

A02i 

390 

A  69 
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PRESSURE.  DATA  ON  OXYGEN  AND  ITS  MIXTURES 
WITH  CARBON  DIOXIDE  TO  40  ATMOSPHERES  AT  28°  C. 

By  Frederick  D.  Rossini  and  Mikkel  Frandsen 


ABSTRACT 

The  intrinsic  or  internal  energy,  U,  of  air,  oxygen,  and  mixtures  of  oxygen  and 
carbon  dioxide  (to  37  mole  per  cent),  has  been  determined  calorimetrically  as  a 
function  of  the  pressure,  to  40  atmospheres,  at  28°  C. 

Within  the  limits  of  error  of  the  measurements,  (dU/dp)r  is  constant  over  the 
given  range;  and  its  values  for  the  different  gases,  at  28°  C.,  0  to  40  atmospheres, 
in  joules  per  atmosphere  per  mole,  are:  Air,  —6.08;  oxygen,  —6.51;  0.075  carbon 
dioxide  and  0.925  oxygen,  —7.41;  0.175  carbon  dioxide  and  0.825  oxygen,  —  8.74; 
0.231  carbon  dioxide  and  0.769  oxygen,  —9.58;  0.366  carbon  dioxide  and  0.634 
oxygen,  —12.04.  These  values  are  estimated  to  be  accurate  within  ±  2H  per 
cent.  The  data  on  the  mixtures  of  oxygen  and  carbon  dioxide  can  be  represented 
by  the  equation  (dC7/dp) —  6.51  — 11.0  as— 11.0  x2,  where  x  is  the  mole 
fraction  of  carbon  dioxide.  The  value  of  (df//dp)r  for  air,  oxygen,  and  the 
mixtures  of  oxygen  and  carbon  dioxide  at  other  near  temperatures  can  be  com- 
puted by  means  of  the  temperature  coefficient  of  (pUJdp)T  given  by  Washburn, 
namely,  —  0.4  per  cent  per  degree. 
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I.  INTRODUCTION 

The  theory  of  determining;  calorimetrically  the  intrinsic  or  internal 
energy  of  gases  as  a  function  of  the  pressure  has  been  given  in  a 
preceding  paper  by  Washburn.1  The  present  paper  reports  the 
results  of  experiments  on  air,  oxygen,  and  mixtures  of  oxygen  and 
carbon  dioxide  (to  36.6  mole  per  cent),  to  a  pressure  of  about  40 
atmospheres,  at  28°  C. 

II.  METHOD 

The  method  employed  in  these  experiments  is  as  follows: 
A  mass,  m,  of  gas  is  compressed  in  a  bomb  to  a  pressure  of  p 
atmospheres. 

•  Washburn,  E.  \V.,  B.  S.  Jour.  Research,  vol.  9  (RP487),  p.  521,  1932. 
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The  bomb  with  its  charge  of  gas  is  placed  in  a  calorimeter  at  the 
temperature,  T. 

When  the  entire  system  has  attained  the  temperature  T,  the  gas 
is  allowed  to  escape  from  the  bomb  to  the  atmosphere  through  a  coil 
of  tubing  immersed  in  the  calorimeter  water.  At  the  same  time 
electrical  energy  is  introduced  into  the  calorimeter  at  such  a  rate  as  to 
maintain  the  temperature  of  the  calorimeter  sensibly  constant  at  T. 
The  amount  of  the  electrical  energy  will  be  equal  to  the  work  done 
by  the  gas  as  it  pushes  back  the  atmosphere  plus  the  change  in 
internal  energy  which  the  gas  undergoes  as  it  drops  from  the  pressure 
p  to  the  atmospheric  pressure  B. 

The  work  done  by  the  gas  as  it  emerges  from  the  bomb  is 

W=n(Bv)x«m-Bvb  (1) 

where  n  is  the  number  of  moles  of  the  gas;  (Bv)i  &tm>  is  the  product  of 
the  pressure  and  volume  for  1  mole  of  the  gas  at  the  temperature  T 
and  the  pressure  B  (practically  1  atmosphere) :  vb  is  the  internal  volume 
of  the  bomb  at  the  atmospheric  pressure  B. 
The  change  in  internal  energy  of  the  gas  is,  per  mole; 


AU 


^p-U.-U,  (2) 


If  the  amount  of  electrical  energy,  Q,  that  is  added  maintains  the 
temperature  of  the  calorimeter  constant  at  T,  then 

Q-nAljJ^  +  nmi  (3) 

and 

AD-J+(ifcW  =  ^  (4) 
When  *U~)P+  {Bv)i  um.  is  plotted  as  ordinate  against  the  pressure  p 

as  abscissa,  the  curve,  at  p  =  1,  will  pass  through  the  value  of  (Bv)i  »tm.. 
which  is  constant  and  known  for  the  given  gas.  And  the  slope  of  the 
curve  will  give  the  value  of  —  {dU/dv)T  for  the  gas. 

Because  of  the  fact  that  the  steel  of  the  bomb  is  not  an  incom- 
pressible substance  having  a  zero  temperature  coefficient  of  expansion 2 
and  because  the  temperature  may  not  remain  absolutely  constant, 
several  small  corrections  to  equation  (4)  need  be  added. 

1.  The  ideal  experiment  is  one  in  which  the  temperature  of  the 
calorimeter  remains  absolutely  constant  at  the  initial  temperature  T 
throughout  the  experiment.  Actually,  the  temperature  changed  by  a 
small  amount,  AfCorr.;  and  the  gas  left  the  calorimeter  at  some  aver- 
age value  T$  (Tt-  T  is  about  0.01°  C).  The  energy  required  to  raise 
the  temperature  of  the  calorimeter  from  T  to  T+  AfCOrr.  is  equal  to  the 
product  of  Atf00„.  and  C„<cnor.)>  the  heat  capacity  of  the  calorimeter. 
The  energy  required  to  raise  the  temperature  of  the  gas  from  T  to  Tg  is 
equal  to  G>(gM)  (Tt—  T).  The  temperature  of  the  issuing  gas  at  any 
instant  was  assumed  to  be  that  of  the  calorimeter. 

»  Sm  footnote  l.  p.  733. 
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2.  There  is  a  change  in  the  intrinsic  energy  of  the  steel  bomb  itself 
as  the  pressure  within  it  changes  from  p  to  B  atmospheres.  This 
amount  of  energy  is  calculable  thermodynamically  3  according  to  the 
formula 

(fX- «&).-  mix  » 

For  the  bomb  used  in  the  present  experiments 

t>=  1.014  1  (6) 

»(SX  -33X10-       -a-  (7) 

|j-)r-39xlO-M  atm.-1  (8) 

Then,  at  28°  C,  the  bomb  energy,  for  a  drop  in  pressure  from  p  to  1 
atmosphere,  is 

-  AO»J^- 1.02  (p-  1)  +0.002  (p- 1)2  joules  (9) 

Equation  (9)  gives  the  values  shown  in  Table  1. 

At  40  atmospheres,  the  value  of  A^»Jp  i8  about  10  per  cent  of  the 

value  of  n  Al/Jjj  f°r  ftir>  and  about  5  per  cent  of  that  for  the  mixture 

of  0.634  oxygen  and  0.366  carbon  dioxide.  The  uncertainty  in  the 
value  used  for  the  bomb  energy  is  estimated  to  be  ±  10  per  cent  of 

itself,  or  one-half  to  1  per  cent  of  the  value  of  ^At/J^  for  the  gases 

in  the  experiments  at  40  atmospheres. 

3.  The  opening  of  the  valve  to  let  the  compressed  gas  escape  from 
the  bomb  resulted  in  the  transfer  of  energy  to  the  calorimeter  through 
friction  of  the  stem  on  the  seat  of  the  valve.  This  amount  of  energy 
was  found  by  measurement  to  be 

e  =  1.5  ±0.5  -joules  (10) 
For  the  present  experiments,  then 

A I/J*  +  (Bv\  .tia  =  Q~*~BVt>~  fi(c»lor.)  (A<corr.)  ~  fi(gM)  (T9  ~  T)  +  E 

The  value  of  E  in  equation  (11)  is  given  by  the  sum  of  equations  (9) 
and  (10): 

£-1.02  (p-l)  + 0.002  (p-l)»  +  1.5  joules  (12) 
The  temperature  of  the  experiment  was  taken  as  T9. 

»  See  footnote  1,  p.  733. 
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Table  1 


p 

A,mT"" 

20 
30 
40 

Jontet 
9.3 
20.1 

31.3 
42.8 

III.  APPARATUS 

The  calorimeter,  thermomctric  system,  energy  measuring  devices, 
etc.,  were  the  same  as  those  used  in  previous  investigations  *  with  the 
exception  that  a  more  sensitive  galvanometer  was  used  with  the 
Mueller  bridge  and  platinum  resistance  thermometer. 

The  steel  bomb  used  in  the  present  investigation  is  shown  in  place 
in  the  calorimeter  can  in  Figure  1 .  Here  A  is  the  calorimeter  can ;  B, 
the  steel  bomb ;  C,  the  copper  coil  through  which  the  gas  passed  before 
leaving  the  calorimeter;  D,  the  electrical  resistance  heater;  E,  the 
platinum  resistance  thermometer;  F,  the  glass  tube  at  the  exit  end  of 
the  copper  coil;  6,  the  valve;  H  and  J,  wrenches  for  opening  the  valve; 
J,  the  cover  of  the  calorimeter  can;  Kt  the  current  leads. 

The  heating  coil  (D,  fig.  1)  was  made  by  winding  enameled  con- 
stantan  wire  (No.  30,  B.  and  S.  gage)  noninductively  over  mica  on  a 
piece  of  sheet  copper  made  in  the  form  of  an  inverted  trough  with  open 
ends.  Current  leads  of  enameled  copper  (No.  24,  B.  and  S.  gage) 
were  soldered  to  the  ends  of  the  constantan  wire,  and  the  whole  was 
covered  with  a  thin  layer  of  "Pizein"  cement.  The  heater,  which 
had  a  resistance  of  about  22  ohms,  was  placed  in  position  over  the 
fitting  which  joined  the  copper  coil  to  the  valve  of  tne  bomb.  Poten- 
tial leads  of  enameled  copper  (No.  28,  B.  and  S.  gage)  were  soldered 
to  the  current  leads  at  a  point  midway  between  the  calorimeter  and 
the  jacket,  with  which  all  four  leads  were  in  good  thermal  contact. 

The  bomb,  which  was  tested  to  65  atmospheres,  had  a  wall  thickness 
of  1.65  mm;  a  mass,  with  valve,  of  745  g;  a  diameter  of  10  cm;  a 
height  of  16  cm;  an  internal  volume  of  1,014  cm3;  and  was  made  of  a 
low  carbon  (0.12  per  cent)  steel.  The  copper  coil,  whose  mass  was 
1,004  g,  was  made  up  of  a  total  length  of  about  40  feet  of  %,  %tt  and  # 
inch  copper  tubing. 

The  assembly  of  the  apparatus  used  in  filling  the  bomb  and  for 
determining  the  temperature  and  pressure  of  the  gas  in  the  charged 
bomb  is  shown  in  Figure  2:  A  is  the  storage  cylinder;  B  is  a  heavy 
steel  purifving  tube,  which  contained  "ascarite"  (sodium  hydroxide- 
asbestos  mixture)  and  "dehydrite"  (Mg(C104)2-3HaO)  for  the  experi- 
ments on  air  and  oxygen,  and  "dehydrite"  alone  for  the  experiments 
on  the  mixtures  of  oxygen  and  carbon  dioxide;  C  is  a  Bourdon  gage 
for  reading  the  pressure ;  D  is  the  steel  bomb ;  E  is  a  glass  jar  con- 
tining  water;  and  F  is  the  thermometer  for  reading  the  temperature. 
The  connecting  tubes  were  made  of  X-inch  copper  tubing. 

*  Rowlni,  F.  D.,  B.  S.  Jour.  Research,  toI.  6  (RP2M),  p.  1,  1931. 
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Figure  1. — Assembly  of  the  bomb  and  the  calorimeter  can 
The  various  parts  of  the  assembly,  which  are  drawn  to  scale,  are  described  In  the  text 
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IV.  PROCEDURE 

The  procedure  for  each  experiment  was  as  follows:  The  bomb  was 
evacuated  to  a  pressure  of  about  2  mm  of  mercury,  closed,  wiped  off 
with  a  cloth  moistened  with  ether,  allowed  to  dry  m  air,  and  weighed 
against  a  counterpoise  having  the  same  volume  as  the  bomb  and  a 
similar  surface.  Then  the  bomb  was  connected  to  the  filling  apparatus 
shown  in  Figure  2,  and  immersed  to  the  neck  in  water  maintained  at 
the  temperature  of  the  room.  The  purifying  and  connecting  tubes 
were  flushed  out  with  gas  from  the  storage  cylinder,  and  then  the 
valve  of  the  bomb  was  opened  and  gas  was  permitted  to  flow  slowly 
through  the  purifying  tube  into  the  bomb  until  the  desired  pressure 
was  reached.  When  temperature  equilibrium  was  attained,  the  pres- 
sure and  temperature  of  the  gas  in  the  charged  bomb  were  recorded. 
The  bomb  was  then  closed,  disconnected,  dried,  and  weighed  as  before. 


Figure  2. — Apparatus  and  bomb  for  the  filling  operation 


The  various  parts  of  the  assembly,  which  are  drown  to  scale,  are  described  in  the  text. 

The  bomb  was  placed  in  the  calorimeter  as  shown  in  Figure  1.  The 
temperature  of  the  jacket  of  the  calorimeter  was  maintained  constant 
at  a  temperature  several  degrees  above  that  of  the  room.  The  calo- 
rimeter was  brought  to  the  jacket  temperature,  and,  when  equilibrium 
was  reached,  the  readings  of  the  "fore"  period  were  begun.  At  the 
end  of  the  "fore"  period  (10  to  20  minutes)  the  valve  was  opened 
slightly  and  electrical  heating  was  started.  The  gas  was  permitted 
to  escape  at  such  a  rate  that  the  heat  absorbed  by  the  gas  was  prac- 
tically equal  to  the  heat  evolved  electrically  in  the  same  time.  At  a 
predetermined  time  the  electrical  energy  was  cut  off.  Temperature 
equilibrium  was  established  in  5  to  10  minutes  and  the  readings  of  the 
"after"  period  were  begun.  The  lengths  of  the  "fore,"  "reaction," 
and  "after"  periods  were  usually  the  same. 

After  one  or  two  experiments  on  a  given  gas  it  was  usually  possible 
to  so  gage  the  rate  of  input  of  the  electrical  energy  that  the  net  change 
in  the  temperature  of  the  calorimeter  was  not  more  than  0.01°  C. 
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Readings  of  the  calorimeter  temperature,  the  current,  and  the  voltage 
were  taken  every  minute  and  of  the  jacket  temperature  every  two 
minutes  during  the  "reaction"  period. 

The  true  mass  of  the  gas  in  the  charged  bomb  was  computed  from 
the  apparent  increase  in  weight  of  the  Domb,  the  residual  gas  in  the 
bomb  before  charging  (several  mg)  and  the  buoyant  effect  of  the  air 
on  the  brass  weights. 

The  pressure  of  the  gas  in  the  charged  bomb  at  the  temperature  of 
the  calorimetric  experiment  was  computed  by  correcting  the  observed 
pressure  p'  at  the  temperature  T  to  the  calorimetric  temperature  TK 
by  means  of  the  perfect  gas  law,  T  and  TM  being  the  same  within  a 
few  degrees. 

V.  EXAMINATION  OF  THE  GASES 

The  air  and  oxygen  and  the  mixtures  of  oxygen  and  carbon  dioxide 
were  respectively  examined  for  oxygen  and  for  oxygen  and  carbon 
dioxide,  and  the  density  of  the  inert  gas  in  the  oxygen  was  determined 
by  the  gas  chemistry  section  of  this  bureau.  The  average  molecular 
weights  of  the  oxygen  and  the  mixtures  of  oxygen  and  carbon  dioxide 
were  computed  from  the  percentages  of  oxygen,  carbon  dioxide,  and 
inert  gas  present,  and  from  their  separate  molecular  weights — the 
molecular  weight  of  the  inert  gas  being  known  from  its  density. 
These  results  are  given  in  Table  2. 


Table  2. — Composition  and  molecular  weights  of  the  gases 


Gas 

o, 

CO, 

ATj-f-rare 

Molecu- 
lar 
weight 

Mole 
per  cent 
70.  W 

09.41 
HI.  66 
81.71 
76.  IS 
82.80 

Mole 
per  cent 

Mole 
per  cent 
79.01 
.09 
.83 
.84 
.78 
.60 

28.959 

32.012 

82.01 

34.11 

84.80 

36.40 

"Oxve«n"   „ 

"Oxygen"- 
"Oxygen 
"  Oxygen"^ 
"Oxygeu"- 

Kcarbon  dioxide',  IV  

7.51 
17.46 
23.08 
36.60 

VI.  ANALYSIS  OF  THE  MEASURED  QUANTITIES 

The  quantities  involved  in  the  calculation  of  the  results  of  each 
experiment,  exclusive  of  the  corrections  discussed  in  the  latter  part 
of  Section  II  are  the  mass,  pressure,  and  temperature  of  the  gas  in 
the  bomb,  the  temperature  change  of  the  calorimeter,  the  electrical 
energy  input,  the  atmospheric  pressure,  and  the  internal  volume  of 
the  bomb. 

In  Table  3  are  given,  for  the  experiments  on  oxygen  at  40  atmos- 
pheres, the  magnitudes  of  the  various  quantities,  tne  sensitivity  of 
the  measuring  devices  with  respect  to  these  quantities,  and  the  "al- 
lowable error"  in  each  that  would  contribute  an  absolute  error  of 
1  joule  to  the  result  of  each  experiment. 
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Table  3— Analysis  of  the  measured  quantities 
(For  an  < 


Mass  of  gas  

Pressure  of  khs  

Temperature  of  gas 

Afccr  

Q    

B  

r»  


Magni- 
tude of 
the  quan- 
tity 


Sensitiv- 
ity of  the 
measur- 
ing de- 
uce 


55 

0.003 

a  012 

40 

.04 

.08 

300 

.01 

.  OH 

.01 

.00002 

.0001 

4, 700 

.2 

1 

1 

.001 

.01 

1 

.001 

.01 

MAUow- 
fible  er- 
ror" in 
the quan 
tity 


Unit 


Gram. 

Atmosphere. 

°K. 

•C. 

Joule. 

Atmosphere. 

Liter. 


VII.  UNITS  AND  AUXILIARY  DATA 

The  unit  of  energy  employed  in  the  present  work  is  the  international 
joule. 

For  computing  the  value  of  the  product  of  the  pressure  and  volume 
for  1  mole  of  air,  oxygen,  and  carbon  dioxide  at  28°  C.  and  1  atmos- 
phere, the  following  equation  was  used : 


iBv)x  «...  »*o.-*ro-c.(l+28a*.cJ(l- W)  (13) 

R  was  taken  as  8.3115  international  joules  degree"1  mole"1,  and 
7o'c.  =  273.10°ir.    The  values  of  the  constants  5  for  air,  oxygen,  and 
carbon  dioxide,  and  the  computed  values  of  {Bv)x  .tm..  wc.  are  given 
in  Table  4.    The  values  of  (Bv)x  ata,v  wc.  for  the  mixtures  of  oxygen 
and  carbon  dioxide  were  obtained  by  interpolation. 

Table  4.— Values  o/aa9c„  Vc„  and         .tm..  M«c. 

Gas 

«M*C. 

»             I  {Bt}\  am,. 
AlC, 

1      M  C. 

0.003672 
.003675 
.003734 

a  00061 

.00094 
.00706 

Ird.joulet 
moir* 
%  601.8 
2,501. 1 

Oxygen    

3,489.0 

2,500.2 
2,499.1 
2,498.4 
2,496.9 

0.175  carbon  dloxide+0.825  oxygen    

VIII.  EXPERIMENTAL  DATA 

The  experimental  data  obtained  in  the  present  experiments  are 
given  in  Tables  5  and  6.  The  column  headings  give  the  following 
information:  Column  5,  the  pressure  in  the  bomb  +(1-5),  giving 
the  initial  pressure  in  the  bomb  corresponding  to  a  final  pressure  of 
exactly  1  atmosphere;  6,  Tf  the  average  temperature  at  which  the 
gas  issued  from  the  calorimeter,  which  is  taken  as  the  temperature  of 
the  experiment;  13,  the  value  of  E,  as  given  by  equation  (12);  15,  a 

term  which  corrects  the  value  of  AU |  *  from  T9  to  28°  C.  (computed 

according  to  the  formula  given  by  Washburn e) ;  17,  the  value  of 

Wi.t».  +  A«yTfor28°C. 


» International  Critical  Tables,  vol.  3,  pp.  9,  10,  13.  McGraw-Hill  Book  Co..  Now  York,  192*. 
•  See  footnote  1,  p.  733.   In  the  la«t  term  of  that  formula  6c T»  should  read  6c/ r». 
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IX.  RESULTS  OF  THE  PRESENT  INVESTIGATION 

The  values  of  At/J^+ atm  that  are  given  in  Tables  5  and 
6  were  plotted  against  the  pressure  p;  and  the  experimental  values 


20 
PRESSURE 

Figure  3.-  Plot  of  the  values  of  {Bo)i  .un.  +  Al/r  for  air,  oxygen,  and  mixture  I  V, 

at  28°  C. 

The  scale  of  ordinate*  gives  the  value  of        «»«,.+Al/]  J,fM  au,  oxygen,  and  mixture  IV  (0.368  carbon 

dioxide  and  0.634  oxygen)  at  28°  C.  In  International  kilojoulea  moler».  The  scale  of  abscissas  gives  the 
pressure  in  atmospheres. 

and  the  resulting  curves  are  shown  in  Figures  3  and  4.  The  points 
at  ©  =  1  are  the  values  of  (Bv)l  »tm  computed  according  to  equation 
(13)  and  given  in  Table  4.    In  each  case  the  experimental  points 
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are  drawn  with  a  radius  that  is  equivalent  to  an  error  of  4  joules  per 
experiment,  which  value,  for  the  experiments  on  oxygen  at  40 


Figure  4.— Plot  of  the  values  (B»)i  »tm.  +  bU J*  for  mixtures  I,  II,  and  III  of 

oxygen  and  carbon. dioxide,  at  88°  C. 

The  scale  of  ordinates  gives  the  value  of  (B»)t  «im.+  for  mixture  I  (0.075  carbon  dioxide  and  o.9« 

oxygen),  mixture  II  (0.175  carbon  dioxide  and  0.825  oxygen),  and  mixture  III  (0.231  carbon  dioxide  and 
0.76W  oxygen),  at  28°  C.  in  international  kilojoules  mole-".   The  scale  of  abscissas  gives  the  pressure  in 


Within  the  limits  of  error  of  the  measurements,  At/J^  is  a  linear 
function  of  the  pressure  up  to  40  atmospheres,  and  consequently 
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the  value  of  (dt//dp)r  is  constant.  The  values  of  (d£7/dp)r  for  the 
various  gases,  at  28°  C,  0  to  40  atmospheres,  in  joules  per  atmos- 
phere per  mole,  are  given  in  Table  7.  These  values  are  estimated 
to  be  accurate  within  ±  2%  per  cent. 

Table  7. — Experimental  values  of  (dC//dp)r  at  fS8°  C,  0  to  40  atmospheres 


Gas 


Joules 
atra-i 


Air  

Oxygen  

0.075  carbon  dioxide +0.925  oxygen. 
0.175  carbon  dioxide+0825  oxygen . 
0.231  carbon  dioxide-t-Q.7(K>  oxygen. 
0.366  carbon  dioxide  K>  >m  oxygon. 


-fl.OS 
—CM 
-7.41 
-8.74 
-8.58 
-12.04 


In  Figure  5  are  plotted  the  values  of  (bU/bp)T,  as  a  function  of  the 
mole  fraction  of  carbon  dioxide,  for  oxygen  and  the  mixtures  of  oxy- 
gen and  carbon  dioxide.  The  smoothed  values  of  (dt//dp)aoi0jc-  for 
the  mixtures  of  oxygen  and  carbon  dioxide  are  given  by  the  equation 

)*n°K.  -  "  6.51  -  11.0x-11.0j2  (14) 
where  x  is  the  mole  fraction  of  carbon  dioxide. 


-12 


•10  - 


-61 


I 


1 


.1 


.2 


.3 


•4 


MOLE  FRACTION 

Fioure  5.  — Plot  of  the  values  of  (dUfdp)  t  against  the  mole  fraction  of  carbon 
dioxide,  for  mixtures  of  oxygen  and  carbon  dioxide,  at  28°  C. 

The  scale  of  ordinates  gives  the  value  of  («>  Ul&p)  r  at  28°  C.  in  Joules  atm-1  mole-'.  The  scale  of 
abscissas  Rives  the  mole  fraction  of  carbon  dioxide.  The  curve  is  represented  by  the  equation, 
<<>  UlHp)maK.  -  -«51  -  ll.0x-ll.Qr>. 

The  values  of  (bU/&p)T  for  air,  oxygen,  and  the  mixtures  of  oxygen 
and  carbon  dioxide  at  other  near  temperatures  can  be  computed  by 
means  of  the  temperature  coefficient  of  (dt7/dp)r  given  by  Wash- 
burn7, namely,  —0.4  per  cent  per  degree. 


»  See  footnote  0.  p.  740. 
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X.  COMPARISON  OF  THE  PRESENT  RESULTS  WITH  VALUES 
COMPUTED  FROM  OTHER  DATA 

Data  similar  to  that  reported  in  the  present  paper  have  not  pre- 
viously been  obtained.  Nevertheless,  values  of  (d£7/dp)r  for  some  of 
the  gases  pertinent  to  the  present  work  can  be  computed  by  means  of 
the  proper  thermodynamic  formulas  from  data  on  appropriate  other 
properties. 

Given  adequate  p-v—T  data,  one  can  use  the  formula 


(dp)r 


-<s. 


(15) 


The  p  —  v—T  data  for  nitrogen  have  been  reviewed  by  Deming  and 
Shupe,*  and  for  nitrogen,  air,  and  oxygen  by  Beattie  and  Bridgeman.' 

From  these  data  the  values  of  (d&/dp)aoi*K  given  in  Table  8  have 
been  computed  for  nitrogen,  air,  and  oxygen. 

Table  8.—  Values  of  (dUfiplTfrom  various  data 


(0  UjuT))  mV  0  to  40  atm. 
(Joules  atm-'  mole-' 

Reference 

Kind  of  data 

Com- 
puted  by 
means  of 
formula 

Nitrogen 

Air 

Oxygen 

-5.82 
-5.97 

8  

(W) 
(16) 

07) 
(dU/dp)r 

-5.82 
-5. 75 
-fi.  17 
-5.92 
-6.03 
-6.08 

-6.65 

1  Measurements  of  Joule-Thomson  coeffl- 
|  cient. 

Calorimetric  measurements  of  (A/f/Ap)  r- 
Calorimetric  measurements  of  (A  t//Ap)  r- 

12  

13  

14...  

(-5.97) 

-6.51 

Present  Investigation... 

Where  measurements  of  the  Joule-Thomson  coefficient,  p 
($T/bp)a,  are  available,  one  can  employ  the  formula 


(D,--«-(f).-^ 


(16) 


10 


The  last  term  in  equation  (16)  is  taken  from  p—v  data,  and  its  value, 
for  air,  is  about  one-tenth  that  of  the  first  term.  Measurements  of 
the  Joule-Thomson  coefficient  for  air,  in  the  range  of  pressure  and 
temperature  covered  in  the  present  investigation,  have  been  made  by 
Roebuck,11  Noeli,13  and  Hausen.13  The  values  of  (bU/dp)m*K. com- 
puted from  their  data  are  given  in  Table  8. 

Recently,  calorimetric  measurements  of  (Ai//Ap)r  for  air  have  been 
reported  by  Eucken,  Clusius,  and  Berger.14  The  following  formula  was 
used  to  compute  from  their  data  the  values  of  (2>U/dp)m<K.  given  in 
Table  8: 

(17) 


(M\  /d(pp) 
\Z>P/t    \  Op 


). 


Rev.,  vol.  37,  p.  638.  1931. 


▼S.So!p.  3133,  1928. 


•  Deming.  W.  E.,  and  Shupe,  L.  E.,  Phj 

•  Beattie,  J.  A.,  and  Bridgeman,  O.  C, , 

"  Roebuck,  J.  R.,  Proc.  Am.  Acad.  Art*  8cJ.,  vol.  «0,  p.  537,  IMS. 

"Noell,  F.  Mlttellungen  Forschungsarbeiten  Geblete  Ingenieurweaens.  No.  184, 1916.  The  data  are 
taken  from  International  Critical  Tables,  vol.  5,  p.  144,  McGraw-Hill  Book  Co.,  New  York,  1929. 
»  Hansen.  H.,  Z.  tech.  Physlk.  vol.  7,  pp.  371,  444,  1926. 
"  Eucken,  A.,  Clusius,  K..  and  Berger,  W.,  Z.  tech.  Pbysik.  vol.  13,  p.  267, 1932. 
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In  the  bottom  row  of  Table  8  are  given  the  values  of  (d  Ufop)m*K. 
for  air  and  oxygen  as  determined  from  the  experiments  of  the  present 
investigation.  The  value  for  nitrogen  given  in  the  bottom  row  was 
obtained  by  extrapolation  from  the  values  for  oxygen  and  air,  assum- 
ing the  additivity  of  {<bUfpd)T  for  the  two  components  of  air. 

Inspection  of  Table  8  shows  that,  given  an  estimated  error  of 
±  2%  per  cent  in  each  of  the  various  values,  all  are  in  substantial 
agreement  with  the  values  obtained  in  the  present  investigation. 
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SHEAR  TESTS  OF  REINFORCED  BRICK  MASONRY  BEAMS 

By  D.  E.  Parsons,  A.  H.  Stang,  and  J.  W.  McBumey 


Eighteen  be&nia  of  reinforced  brick  masonry  were  tested  to  determine  the 
resistance  of  such  beams  to  failure  by  diagonal  tension.  The  beams  were  14 
feet  long  and  about  1  foot  square  in  cross  section.  Beams  of  three  different 
types  of  construction  were  made,  an  equal  number  with  each  of  two  kinds  of 
brick.  A  1:3  Portland  cement  mortar,  with  addition  of  lime  equal  to  15  per 
cent  of  the  volume  of  the  cement,  was  used  in  all  beams.  Each  beam  contained 
six  34-inch  square  steel  burs  as  tensile  reinforcement.  Tensile  and  shear  tests 
of  the  bond  between  mortar  and  brick  and  pull-out  tests  of  steel  bars  embedded 
in  brick  masonry  were  made  to  supplement  the  data  from  the  beam  tests. 

Positions  of  tne  neutral  axes  in  the  beams  varied  with  kind  of  brick,  arrange- 
ment of  bricks  in  the  beams,  and  loads.  The  ratio  of  depth  to  neutral  axis  to 
depth  of  the  tensile  reinforcement  increased  with  an  increase  in  the  number  and 
total  thickness  of  mortar  joints  in  the  masonry.  The  position  of  the  neutral 
axis  corresponded  to  that  calculated  by  means  of  the  design  formulas  applying 
to  beams  of  reinforced  concrete,  with  an  assumed  modulus  of  elasticity  of  the 
masonry  equal  to  50  to  70  per  cent  of  that  of  the  masonry  piers. 

The  failures  of  all  beams  were  accompanied  by  cracks  near  the  ends  of  the 
beams,  between  a  support,  and  the  nearer  load.  The  cracks  were  evidence  of 
failures  by  diagonal  tension. 

Maximum  shearing  stresses  for  the  different  types  of  beams  ranged  from  65  to 
159  lbs./in.1  Resistance  to  diagonal  tension  increased  with  an  increase  in  the 
proportion  of  bricks  laid  with  staggered  joints.  Shearing  strengths  of  the  beams 
were  in  the  same  order  as  shearing  and  tensile  bond  strengths  of  small  masonry 
specimens. 

With  the  relatively  absorbent  bricks  used,  tensile  and  shearing  strengths  of 
the  masonry  were  much  greater  when  bricks  were  wetted  before  laying  than 
when  laid  dry. 

Bond  strengths  as  determined  by  pull-out  tests  of  H-inch  square  deformed  bars 
embedded  about  8  inches  in  brick  masonry  ranged  from  870  to  950  lbs./in.' 
Differences  in  the  kinds  of  brick  and  curing  conditions  did  not  cause  significant 
changes  in  bond  strength. 
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I.  INTRODUCTION 

Brick  masonry  containing  steel  reinforcement  in  the  form  of  bare 
bands  or  straps,  wires  or  mesh  apparently  is  one  of  the  oldest  forms  of 
reinforced  masonry  construction,  and  there  already  exists  a  fund  of 
information  relatmg  to  its  structural  value.1  Resistance  of  brick- 
work to  compressive  stresses  has  been  extensively  investigated,  and 
the  information  obtained  is  available  in  published  reports  *  of  testa 
on  piers  and  walls.  Data  on  resistance  of  brickwork  beams  to  shear- 
ing stresses  are  not  as  complete  as  desired  and  the  chief  purpose  of 
tests  described  herein  was  to  obtain  information  on  resistance  of 
reinforced  brickwork  beams  to  diagonal  tension  failures.  The  com- 
pressive strength  of  masonry  having  a  like  arrangement  of  the  bricks, 
with  reference  to  the  direction  of  stress  to  that  in  the  beams  was  also 
determined,  compressive  tests  being  made  on  piers  resembling  short 
lengths  of  the  beams.  Tests  of  the  adhesion  of  mortar  to  the  bricks 
ana  to  steel  were  made  to  supplement  the  data  from  the  beam  tests. 

The  tests  were  made  by  the  Bureau  of  Standards  with  the  coopera- 
tion of  the  Common  Brick  Manufacturers  Association.  The  associa- 
tion paid  for  the  materials  and  labor  for  the  construction  of  all  speci- 
mens. The  beams  were  built  under  supervision  of  and  were  tested 
by  members  of  the  bureau  staff. 

The  authors  are  indebted  to  Robert  Hamilton,  Judson  Vogdes, 
and  Hugo  Filippi,  representing  the  association,  for  their  assistance  in 
planning  the  investigation;  to  L.  R.  Sweetman,  A.  U.  Theuer,  D.  A. 
Parsons,  E.  E.  W.  Bowen,  and  W.  W.  Harrison  for  assisting  in  making 
the  tests  and  to  S.  E.  Wade  for  making  the  drawings  and  some  of  the 
computations. 


»  Edw.  E.  Krauss  and  Judson  Vopdes,  Reinforced  Brick  Masonry:  History,  Summary  of  Tests.  Struc- 
tures Erected  and  Bibliography  to  Dnte,  Report  No.  5  of  Committee  on  Reinforced  Brick  Masonry,  Na- 
tional Brick  Manufacturers  Research  Foundation.  February,  1932.  Reinforced  Brickwork:  A  New  Con- 
struction Material.  Engineering  News-Record,  vol.  109,  p.  71,  July  21,  1932. 

«  The  Building  Code  Committee  (if  the  Department  of  Commerce  has  prep:ired  a  mimeographed  circular 
giving  test  data  obtained  prior  to  iMfi.  B.  S.  RPluS.  ■'Compressive  Strength  of  Clay  Brick  Walls"  de- 
scribes tests  of  287  masonry  specimens,  completed  in  1928. 
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II.  DESCRIPTION  OF  SPECIMENS  AND  THE  TESTING 

METHODS 

1.  BRICKS 

Bricks  from  two  localities,  Chicago  and  Philadelphia,  were  used. 
Both  kinds  of  bricks  were  made  from  surface  clays  and  were  formed 
by  the  stiff-mud  and  end-cut  process.  The  Chicago  bricks  were 
irregular  in  shape,  contained  lime  nodules,  and  were  considerably 
laminated.  The  Philadelphia  bricks  were  somewhat  more  regular  in 
shape,  quite  free  from  lime  nodules,  but  also  laminated.  In  so  far 
as  applicable,  methods  of  specification  C67-31  of  the  American 
Society  for  Testing  Materials  3  were  followed  in  making  the  tests. 

2.  MORTAR 

The  mortar  was  proportioned  by  weight  to  give  a  mixture  approxi- 
mately equivalent  by  volume  to  1  part  of  Portland  cement  to  3  parts 
of  loose,  damp  sand,  with  an  addition  of  hydrated  lime  equal  to  15 
per  cent  of  the  volume  of  cement.  The  weights  used  were  94  pounds 
of  cement  and  6  pounds  of  hydrated  lime  to  220  pounds  of  dry  sand, 
water  being  added  in  the  amounts  desired  by  the  masons. 

On  each  day  during  construction  of  the  beams  a  sample  of  mortar 
was  taken  from  a  mason's  board  and  tested  for  consistency  on  the 
10-inch  flow  table,4  and  six  2  by  4  inch  cylinders  were  cast  from  the 
same  mortar.  After  remaining  in  the  mold  for  one  day  three  of  each 
set  of  cylinders  were  immersed  in  water  at  70°  F.  and  the  other  three 
were  stored  with  the  beams.  All  cylinders  were  tested  for  com- 
pressive strength  at  the  age  of  28  days. 

3.  REINFORCEMENT 

The  steel  reinforcement  consisted  of  deformed  K-inch  square  bars. 
Specimens  cut  from  five  bars  were  subjected  to  tensile  tests  following 
the  methods  (in  so  far  as  applicable)  of  specification  A15-14  of  the  ♦ 
American  Society  for  Testing  Materials.* 

4.  BEAMS 
(•)  TYPES 

Eighteen  beams  were  tested,  each  being  14  feet  long  and  roughly  1 
foot  square  in  cross  section.  Nine  beams  were  built  with  common 
bricks  from  Chicago  and  the  other  nine  with  common  bricks  from 
Philadelphia.  The  specimens  were  of  three  different  types  of  con- 
struction, there  being  three  beams  of  each  type  with  each  land  of  brick. 
As  illustrated  in  Figure  1,  the  bricks  in  beams  of  type  A  were  laid  in 
common  American  bond  as  for  a  wall  12%  inches  in  thickness;  in 
those  of  type  B  the  bonding  was  similar  to  that  in  a  lintel  beam  with 
exposed  soldier  courses.    Beams  of  type  C  were  built  on  end  in  which 

f>osition  they  resembled  portions  of  a  12%-inch  wall  with  all  bricks 
aid  as  stretchers  and  having  vertical  reinforcement  near  one  face  as 
if  designed  to  resist  lateral  pressures. 

Each  beam  contained  six  K-inch  square  deformed  bars  as  tensile 
reinforcement.   The  ends  of  all  bars  were  bent  into  hooks  in  order 

«  1931  Supplement  to  Book  of  A.  8.  T.  M.  Standards,  p.  5. 

*  The  flow  teats  were  made  by  the  method  of  Federal  specification  SS-C-181  for  cement;  masonry  (Jan. 
6,  1W1). 

»  Book  of  A.  8.  T.  M.  Standards,  PL  I,  p.  132, 1330. 
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to  minimize  the  probability  of  beam  failures  resulting  from  slipping  of 
the  bars.  The  piers  contained  no  reinforcement,  but  each  one  was 
similar  otherwise  to  a  short  length  (about  34  inches)  of  a  beam. 
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(b)  IDENTIFICATION  SYMBOLS 

The  following  symbols,  in  the  order  given,  are  used  to  identify 
beams: 

C  ™  Chicago. 
P=  Philadelphia. 
A  as  shown  m  Figure  1 . 
B  as  shown  in  Figure  1. 
C  as  shown  in  Figure  1. 


the 


Bricks 


Type  of  beam 
Numbers  1,  2,  and  3  indicate  individual  beams. 
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(c)  CONSTRUCTION 

The  beams  were  built  in  the  laboratories  of  the  Bureau  of  Standards 
by  a  mason  contractor.  Bids  were  obtained  from  three  contractors 
and  the  work  of  constructing  the  specimens  was  awarded  to  the  lowest 
bidder. 

The  bricks  for  the  beams  were  dumped  from  the  delivery  trucks  on 
an  outdoor  concrete  pavement.  On  the  day  before  using  the  bricks 
they  were  sprinkled  in  the  pile  until  the  water  flowed  from  every 
portion.  They  were  again  sprinkled  in  the  same  manner  just  before 
laying. 

Beams  of  types  A  and  B  were  built  on  horizontal  wooden  forms  and 
those  of  type  C  were  built  on  end  on  the  laboratory  floor.  Views  of 
one  beam  of  each  type  arc  shown  in  Figure  2. 

The  beams  were  built  by  two  masons  working  together.  The 
masons  were  instructed  to  produce  masonry  having  the  spaces  between 
the  bricks  well  filled  with  mortar,  without  specif  ving  the  method. 
The  method  of  filling  the  vertical  joints  by  "slushing"  the  mortar 
rather  than  by  "shoving"  the  bricks  was  chosen  by  the  masons. 
During  the  building  of  the  beams  one  of  the  masons  was  cautioned  not 
to  furrow  the  horizontal  beds  while  the  other  made  smooth  spread  beds 
without  special  effort.  Although  these  masons  had  no  previous 
experience  with  reinforced  brickwork,  the  two  masons  and  one  helper 
built  the  last  12  beams  and  12  piers  at  the  rate  of  one  beam  and  one 
pier  per  3K  hours. 

The  average  thicknesses  of  mortarjoints  as  determined  from  meas- 
urements of  the  beams  are  given  in  Table  1. 


Table  1.— Thickness  of  the  mortar  joint*  in  beam* 


Beam  No. 

Average  thickness  of 
mortar  Joint*  1 

Average  thickness  of 
mortarjoints » 

Hori- 
zontal 
a 

Vortical  In  top 
course 

Beam  No. 

Hori- 
zontal 
a 

Vertical  in  top 
course 

Longi- 
tudinal 
6 

Cross 
c 

Longi- 
tudinal 
6 

Cross 
t 

CA-1  

Inches 

0. 66 
.66 
.66 

Indus 

0.90 
.00 
.94 

Inch 

0.52 
.  69 
.60 

Inches 
0.79 
.78 
.69 

Inches 

0.85 
.80 
.70 

llvek 

0.54 
.54 
.54 

C  .A- 3  —  — 

.66 

.91 

.60 

.72 

.78 

.64 

CB*"1 , 

PB-1  

.68 
.70 
.66 

.66 
.68 
.87 

.47 

.53 
.63 

.85 

.80 
.80 

.87 
.74 
1.03 

.60 
.63 
.58 

CB-3  

Average  

CC-1  

.68 

.74 

.54 

.82 

.88 

.54 

.90 
1.01 
1.01 

1.25 
1.26 
1.15 

.52 
.44 
.44 

1.12 
1.02 
1.01 

1.40 
1.33 
1.18 

..r>2 
.48 
.48 

CC-3  

PC-3  

Average  

Average  

1.00 

1.22 

.47  1 

1.08 

1.29 

.49 

»  With  the  beam  in  the  same  position  as  during  testing.  The  location  of  Joints  o.  b.  and  c  are  shown  in 
Figure  1. 
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(d)  AQINO 

The  beams  of  types  A  and  B  were  lifted  from  the  forms  when  one 
week  old  and  were  stored,  until  tested,  in  stacks  which  allowed  free 
circulation  of  air  around  each  specimen.  Those  of  type  C  were  placed 
in  a  horizontal  position  in  the  same  stacks.  All  beams  were  tested 
at  ages  ranging  from  27  to  29  days. 

(e)  METHOD  OF  TEST 

The  beams  were  tested  in  a  vertical  screw-testing  machine  having  a 
capacity  of  600,000  pounds.  They  were  supported  over  a  span  of 
12  feet  and  loaded  along  two  lines,  each  3  feet  from  mid  span.  The 
type  of  supports  and  method  of  transmitting  the  loads  to  the  beam 
are  illustrated  in  Figure  3. 

Measurements  were  made  of  deflections  at  mid  span  of  the  beams 
and  of  deformations  in  the  masonry  and  steel  along  longitudinal 
gage  lines  near  mid  span.  Deflections  were  measured  by  means  of 
micrometer  dials  which  indicated  the  vertical  displacement  of  the 
upper  surface  of  the  beam  at  mid  span  relative  to  a  metal  frame 
supported  at  each  end  on  steel  spheres  directly  over  the  beam  supports. 
(Shown  in  fig.  3.)  Compressive  longitudinal  deformations  in  the 
upper  surfaces  of  the  beams  were  measured  on  20-inch  gage  lengths 
by  means  of  a  hand  strain  gage.  Tensile  longitudinal  deformations 
in  the  steel  over  8-inch  gage  lengths  were  measured  in  one  of  the  bars 
near  each  lateral  face  of  the  beams  by  means  of  gages  clamped  to  the 
under  sides  of  the  bars.  Small  strap-iron  bars,  set  in  vertical  joints, 
were  used  to  support  micrometer  dial  gages  and  spacing  bars  for  making 
measurements  over  longer  gage  lengths.  With  this  apparatus  the 
deformations  in  gage  lengths  of  about  40  inches  were  measured  at 
each  lateral  face  about  1  inch  below  the  upper  surface  and  about  1 
inch  above  the  lower  surface  of  a  beam. 

In  making  a  test  the  load  was  increased  by  increments  until  deforma- 
tions indicated  stresses  in  the  steel  of  about  15,000  lbs./in.a.  The 
total  load  on  the  beam  was  then  reduced  to  1 ,000  pounds,  and  finally 
the  load  was  increased  by  increments  until  failure  occurred.  Usually 
the  devices  for  measuring  strains  were  removed  before  the  beams 
failed. 

s.  PIERS 

Eighteen  piers,  corresponding  to  the  18  beams,  were  also  built. 
The  piers  contained  no  reinforcement,  but  each  was  similar  otherwise 
to  a  short  length  (about  34  inches)  of  a  beam  and  was  built  in  a  manner 
similar  to  that  of  the  corresponding  beam,  identified  by  the  same 
symbol  and  aged  under  the  same  conditions.  A  view  of  an  unfinished 
pier  is  shown  in  Figure  2. 

The  piers  were  tested  in  compression  under  central  loading  in  a 
10,000,000-pound-capacity  testing  machine.*  The  lower  bearing 
surface  of  tne  pier  was  bedded  in  plaster  of  Paris  (calcined  gypsum) 
on  the  lower  platen  of  the  machine.  After  tilting  this  platen  until  the 
upper  surface  of  the  pier  was  parallel  with  the  upper  platen,  the  upper 
surface  was  capped  with  plaster  of  Paris. 

Vertical  compressometers  having  gage  lengths  usually  between  20 
and  30  inches  were  attached  to  two  opposite  sides  of  the  pier.  Read- 

•  Described  In  Bureau  of  Standards  Research  Paper  No.  108.  p.  520. 
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ings  were  taken  at  equal  increments  of  load  usually  obtaining  about 
eight  readings  as  the  stress  increased  from  0  to  1,000  lbs./in.*,  the  load 


compressometers  were  then  removed  and  the  machine  run  at  constant 
speed  until  failure  occurred. 


As  the  tensile  strength  of  masonry  in  beams  without  web  reinforce- 
ment is  the  chief  source  of  resistance  to  diagonal  tension,  the  factors 
which  affect  tensile  strengths  of  brick  and  mortar  specimens  probably 
are  the  same  as  those  governing  web  resistance  of  beams.  Failures 
of  specimens  of  brick  and  mortar  when  subjected  to  tensile  stresses 
might  conceivably  occur  by  failures  of  the  bricks,  of  the  mortar,  of 
the  adhesion  between  mortar  and  brick,  or  of  any  combination  of 
these.  The  purpose  of  tests  described  was  to  compare  tensile  strengths 
of  specimens  made  with  the  same  tvpes  o/  bricks  and  the  same  mortar 
as  were  used  in  the  beams.  Variations  in  moisture  content  of  the 
bricks  when  laid  and  in  curing  conditions  were  included  in  the  study 
in  order  to  obtain  an  estimate  of  their  influence  on  the  strengths  of  the 
masonry. 

Tests  of  strength  of  bond  in  tension  of  brick-mortar  joints  were 
made.  The  specimens  consisted  of  two  bricks  laid  flatwise,  separated 
by  mortar,  the  cross  section  of  the  joint  being  30  square  inches  for 
standard  size  bricks.  Twenty  test  specimens  were  made  for  each  of 
the  following  conditions:  Two  makes  of  bricks  (Chicago  and  Phila- 
delphia), drv  bricks  and  dry  cure,  dry  bricks  and  damp  cure,  wet 
bricks  and  dry  cure,  and  wet  bricks  and  damp  cure. 

Bricks  were  considered  as  dry  after  one  week's  storage  in  a  steam 
heated  room.  Some  bricks  were  used  after  48  hours  in  a  drying  oven 
at  220°  F.,  followed  by  24  hours'  cooling  in  the  laboratory. 

For  wetting  bricks,  the  procedure  was  to  totally  immerse  previously 
dried  bricks  for  one  hour,  stand  on  end  in  air  for  one-half  hour,  and 
then  make  the  test  specimens  within  the  next  half  hour. 

All  construction  was  done  in  a  room  kept  at  a  temperature  of 
70°  ±1°  F.  and  a  relative  humidity  of  40  to  60  per  cent.  The  "dry 
cure"  specimens  were  left  in  this  room  for  48  hours  after  construction 
and  then  removed  to  a  laboratory  at  "room  temperature."  The 
"damp  cure"  specimens  were  removed  at  the  end  of  the  half  hour 
construction  period  to  the  damp  storage  room  of  the  concrete  labora- 
tory, which  is  kept  at  a  temperature  of  70°  ±  1°  F.  and  a  relative 
humidity  of  over  90  per  cent. 

The  mortar  used  was  a  cement-lime-sand  mixture  of  the  same 
proportions  as  that  used  in  constructing  the  beams.  An  attempt 
was  made  to  have  the  flow  immediately  after  mixing  between  110 
and  120  per  cent.  The  mortar  was  proportioned  and  mixed  dry. 
Time  was  counted  from  the  moment  of  adding  the  water  to  the  mortar 
mix.  A  flow  test  was  made  before  starting  construction  of  the  test 
specimens.  Mortar  was  thrown  on  the  flat  of  the  bottom  brick. 
The  top  brick  was  quickly  put  in  place  with  a  shoving  motion,  using 
considerable  pressure.  Excess  mortar  was  cut  off  with  a  trowel.  Since 
comparison  of  the  two  makes  of  bricks  was  considered  the  main 
purpose  of  the  investigation,  the  individual  specimens  were  con- 
structed alternately  of  Chicago  and  Philadelphia  bricks. 
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The  action  of  the  dry  bricks  of  both  makes  was  to  suck  water  out 
of  the  mortar,  hence  the  utmost  possible  speed  was  used  in  getting 
the  bricks  in  place.  At  best,  a  number  of  joints  in  the  dry  brick 
specimens  were  imperfectly  filled. 

Care  was  taken  to  avoid  jarring  specimens  after  construction.  In 
spite  of  care  used  in  handling,  a  considerable  number  of  the  dry  brick 
specimens  separated  before  testing. 

It  was  the  intention  to  make  all  tests  at  28  days,  hence  the  speci- 
mens were  removed  from  damp  storage  at  the  end  of  24  days,  exposed 
in  the  laboratory  for  two  days  and  then  capped.  Circumstances 
required  that  some  of  the  tests  be  delayed,  but  the  damp  cure  was 
restricted  in  all  cases  to  24  days. 

The  method  of  determining  the  tensile  strength  was  essentially 
that  used  for  testing  whole  bricks  in  tension  described  in  another 
paper.7  Palmer  and  Hall8  further  describe  the  apparatus  and 
method. 

7.  BRICK-MORTAR  SHEARING  SPECIMENS 

The  shearing  specimens  were  equal  in  number  and  made  with  the 
same  mortar  mixture  and  with  the  same  procedure  as  the  brick 
mortar  tensile  specimens.  The  specimens  for  shear  were  made  by 
laying  three  bricks  flat,  the  top  and  bottom  bricks  having  their  ends 
in  line  while  the  center  brick  was  displaced  lengthwise  from  one-half 
to  three-quarters  of  an  inch. 

The  projecting  ends  of  the  two  outer  bricks  of  each  specimen  were 
capped  with  plaster  of  Paris,  the  surfaces  of  both  caps  being  in  one 
plane.  The  projecting  end  of  the  center  brick  was  also  capped,  its 
surface  being  as  far  as  possible  parallel  to  the  surfaces  of  the  two 
other  caps. 

The  specimens  after  capping  were  loaded  in  compression,  the  load 
being  applied  to  the  center  brick  and  the  specimen  resting  on  the 
ends  of  the  two  outside  brick.  This  is  the  method  of  Douty  and 
Gibson.9 

8.  PULL-OUT  TESTS 

Specimens  for  pull-out  tests  consisted  of  a  X-inch  square  deformed 
steel  bar  imbedded  lengthwise  in  a  mortar  joint  of  a  small  brick  pier. 
The  same  variables  in  brick  and  curing  were  used  as  for  the  brick- 
mortar  tensile  and  shearing  specimens,  but  the  brick  were  wetted 
before  laying.  A  deformed  steel  bar  (one-half  inch  square)  was  held 
vertically  by  clamps,  the  lower  end  resting  on  oiled  paper.  Around 
this  bar  was  built  a  small  brick  pier  approximately  8  by  8  inches  in 
cross  section  and  three  bricks  high.  The  middle  course  of  bricks  were 
laid  as  headers  with  respect  to  the  top  and  bottom  courses.  Care 
was  taken  to  secure  imbedding  of  the  bar  in  mortar  and  to  avoid 
contact  of  brick  with  the  bar.  All  joints  were  filled  with  mortar. 
No  dry  bricks  were  used  in  this  series,  but  both  kinds  of  cure  were 
employed.  The  mortar  was  the  same  as  that  used  for  the  tensile  and 
shearing  specimens. 

Before  testing,  the  specimens  were  capped  with  plaster  of  Paris  on 
top  of  the  bricks,  care  being  taken  to  have  the  capped  surface  smooth 
and  normal  to  the  projecting  steel  bar. 

» J.  W.  McBurney,  Strength  of  Brick  In  Tension,  J.  Am.  Ceramic  Soc.,  vol.  11  (2).  pp.  114-117,  1828. 

»  L.  A.  Palmer  and  J.  V.  Hall,  Durability  and  Strength  of  Bond  Between  Mortar  and  Brick,  B.  S.  Jour. 
Research  vol.  8  (3),  pp.  473-492,  1931. 

•  R.  P.  Douty  and  H.  C.  Gibson,  Influence  of  the  Absorptive  Capacity  of  Brick  Upon  the  Adhesion  of 
Mortar,  Pro©.  Am.  Soc  Testing  Materials,  vol.  8,  pp.  515-530,  1908. 
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During  a  test  the  specimen  was  inverted,  resting  on  a  steel  plate 
supported  by  the  top  head  of  the  testing  machine.  The  bar  projected 
downward  through  a  %-inch  hole  in  the  steel  plate  and  was  gripped 
by  wedges  in  the  movable  head  of  the  testing  machine. 

III.  RESULTS  OF  THE  AUXILIARY  TESTS 

1.  BRICKS 

Results  of  tests  of  the  bricks  are  given  in  Table  2,  in  which  each 
average  value  is  the  mean  from  25  tests.  As  a  measure  of  the  dis- 
persion of  the  results  of  single  tests  about  their  corresponding  aver- 
ages, there  are  given  in  Table  2  values  for  the  standard  deviations, 
which  were  calculated  by  means  of  the  following  formula: 


/  2v>  • 

where  °  \n-2 

9  =  standard  deviation. 
n  =  number  of  individual  values. 
2p*  =  sum  of  the  squares  of  the  deviations  of  the  single  values  from 
their  mean. 

The  values  of  standard  deviations  given  in  other  tables  were 
calculated  by  means  of  the  same  formula. 

2.  MORTAR  IN  THE  BEAMS 

Results  of  tests  of  the  specimens  representing  the  morXar  in  the 
beams  are  given  in  Table  3. 

Table  2.  — Properties  of  the  bricks 

Koch  value  was  derived  from  results  of  tcst3  of  25  bricks 


Property 


Length.     inches. 

Width  do.... 

Thickness        do.. 

Compressive  strength  flatwise   _  ....lbs./inA. 

Compressive  strength  edgewise  ...do  

Compressive  strength  endwise  do  

Modulus  of  rupture  tlutwiso  do  

Absorption  by  5  hours  immersion  per  <-enl.. 

Absorption  by  4S  hours  immersion  do  

Absorption  by  5  hours  building.. .  .do  


Kind  of  bricks 


Chicago 


Mean 
value 


Standard 
deviation 


8.00 
3.64 

2. 2:: 
3.<»10  I 
4,280 

7,  mo 
i  ,:>:*<  i 

10.  s 
14.  7 


0.  08 

.m 

.03 
8*50 
950 

1.  :no 

670 
2.7 
2.3 
2.6 


Philadelphia 


Mean  Standard 
value  deviation 


8. 15 
3.  Ti 
2.29 
4,510 

5.  m 

4,200 
650  I 
11.  1 
12.7 
1U.  1 


a  14 

.oc 

.02 
840 

yso 

1,750 
340 
l.fl 
1.9 

1.8 


Table  3.— Properties  of  mortar  for  the  beams 


Mean 
value 


opresslve  strength*  of  2  by  4  Inch  cylinders,  age  28  days: 

Dry  storage  lbs./ln.».. 

Damp  storage  do—. 


Standard 
deviation 


8.2 


440 

530 
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Tensile  properties  of  the  %-inch  square  deformed  steel  bars  are 
given  in  Table  4. 

Table  4. — Properties  of  reinforcement  for  the  beams 
Each  value  was  derived  from  the  results  of  five  tests 


Property 


Mean  value 


Cross  sectional  area  inches 

Proportional  limit    lbs  /in.1.. 

Yield  point  _  _  do  

Tensile  strength  do  

Modulus  of  elasticity  do  

Elongation  in  8  inches  per  cent.. 


0.240 
45,200 
51,100 
81,  t!00 
29,  400,  000 
22.4 


0.  002 
f?,  700 
1,600 
1,400 
1,  100,  00* 
2.0 


4.  BRICK-MORTAR  TENSILE  SPECIMENS 

Results  of  tests  of  the  brick-mortar  tensile  specimens  are  given  in 
Table  6. 

Table  5. — Properties  of  mortar  for  the  tensile  and  shear  test  specimens 

Each  value  was  derived  from  results  of  from  40  to  51  tests.  Strength  tests  at  ages  ranging  from  28  to  fio 

days 


Property 


Initial  flow  per  cent.. 

Flow  one-half  hour  after  mixing  do  

Tensile  streufjths  of  briquettes  with: 

Dry  storage  lbs./ln.».- 

Damp  storage   do  

Compressive  strenRths  of  2  by  4  inch  cylinders  with: 

Dry  storage  lbs.(in.».. 

Damp  stortige  do  


Table  6. — Results  of  tensile  tests  of  bond  between  mortar  and  brick 

Age  at  test  28  to  60  days 


Brick 

Storage 

Number 
of  speci- 
mens 

Average 
strength 

Standard 
deviation 

Kind 

Condition  when  laid 

jDry    

16 
16 
20 
20 

16 
17 
20 
20 

Lbt./in* 
38 
38 
55 
61 

18 
27 
53 
44 

Lb9llnS 
17 
13 
17 
16 

10 
12 
18 
13 

Philadelphia  

Iwet  

(Dry  

/Dry  

Iwet    

Mortar  used  in  brick-mortar  tensile  specimens  and  in  brick-mortar 
shearing  specimens  had  the  same  proportions  of  dry  constituents  as 
the  mortar  in  the  beams  and  piers.  In  the  latter,  water  was  added 
as  desired  by  the  masons ;  while  in  the  brick-mortar  specimens,  made 
under  more  careful  laboratory  conditions,  the  amount  of  water  to  give 
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a  flow  of  approximately  110  per  cent  was  used.  For  this  reason, 
properties  of  the  mortar,  given  in  Table  5,  for  brick-mortar  specimens 
differ  somewhat  from  values  of  Table  3  for  the  mortar  of  the  beams. 

Where  test  specimens  represented  wetted  bricks,  the  characteristic 
failure  was  not  at  the  junction  of  brick  and  mortar  but  was  a  failure 
in  the  brick.  Chicago  bricks  left  a  "skin"  adhering  to  the  mortar, 
and  Philadelphia  bricks  frequently  pulled  off  or  sheared  off  their  flats 
to  a  depth  of  one-eighth  of  an  inch.  In  other  words,  when  bricks 
had  been  wetted,  bond  between  brick  and  mortar  exceeded  the 
strength  of  the  brick.  On  the  other  hand,  a  few  of  the  "dry  brick" 
specimens  showed  separation  in  the  mortar,  mortar  adhering  to  both 
bricks.  The  difference  between  number  of  tests  indicated  and  the  20 
test  specimens  originally  constructed  represents  failures  of  bond 
occurring  by  handling  the  specimens.  The  number  of  tests  is  too  few 
and  the  variation  too  great  to  permit  much  weight  to  be  riven  either 
to  averages  or  distributions  but  several  conclusions  are  evident:  First, 
wetting  Chicago  and  Philadelphia  bricks  much  increased  strength  of 
bond;  second,  the  Chicago  brick  tended  to  give  stronger  bonds  than 
the  Philadelphia  brick. 

5.  BRICK-MORTAR  SHEARING  SPECIMENS 

Results  of  tests  of  brick-mortar  shearing  specimens  are  given  in 
Table  7.  In  general,  results  of  these  tests  are  similar  to  the  results  of 
tests  of  the  brick-mortar  tensile  specimens. 


Table  7.  —Results  of  shear  tests  of  bond  between  mortar  and  brick 

Age  at  test,  28  to  GO  days 


Brick 


Kind 


Chicago. 


Philadelphia. 


Condition 


laid 


Dry 
Wet 

Dry 
Wet 


Storage 


/Dry— 
I  Damp. 

Dry... 

Damp. 


J)ry... 
Damp. 
Dry... 
Damp. 


Number 
of  speci- 


16 
12 
20 
10 

10 
ll 
19 

20 


Average 
strength 


Lbt.fln* 
100 
115 
275 
245 

91 
120 
231 
173 


Standard 
deviation 


Lb*. fin* 
50 
47 
59 
101 

35 
38 
86 
70 


6.  PULL-OUT  TESTS 

Results  of  the  pull-out  tests  are  given  in  Table  8.  As  shown  bv  the 
data  of  this  table  there  was  not  a  significant  difference  in  Dond 
strength  of  specimens  made  with  Chicago  or  Philadelphia  bricks. 
Furthermore,  curing  conditions  did  not  affect  results  significantly. 
Failure  was  by  splitting  of  the  brickwork  usually  into  halves  but  in 
some  cases  into  quarters.  Specimens  giving  highest  individual  loads 
had  strengths  which  exceeded  the  proportional  limit  of  the  steel. 
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Table  8.—  Results  of  pull-out  tests 

deformed  steel  bare,  one-half  inch  square,  embedded  about  8  inches  In  8  by  8  inch 

brick  masonry  piers 


[Vol.  9 


Brick 

Storage 

Number 
of  speci- 
mens 

Age  at 
test 

Avnrsge 

bond 
strength 

Standard 
deviation 

Kind 

Condition  when 
laid 

Chicago  

Wet  

5 
4 

5 
5 

Days 
32-48 
32-18 
41-57 
41-57 

Lbs.nn.1 

880 
MO 
870 
WO 

L6»./fn.» 
140 
140 
190 
160 

 do  

 do....  

 do  

Damp  

Philadelphia  

 do  

 do  

The  maximum  bond  stresses  were  slightly  greater  than  those 
reported  by  Abrams  10  for  deformed  bars  in  1:2:4  concrete  two  years 
old.  It  has  been  shown  that  for  smooth  bars  embedded  in  concrete 
the  bond  strength  is  more  dependent  on  length  of  embedment  than  on 
other  size  and  shape  factors.11  The  lengths  of  embedment  in  these 
two  series  were  about  the  same  (8  inches).  Hence,  if  the  effects  of 
size  and  shape  of  specimens  are  approximately  the  same  with  de- 
formed bars  as  with  smooth  bars,  it  may  be  concluded  that  bond 
strengths  in  the  brick  masonry  specimens  were  about  the  same  as  in 
1:2:4  concrete  specimens  tested  by  Abrams. 

7.  PIERS 

Results  of  tests  of  the  piers  are  given  in  Table  9.  There  was  not  a 
marked  departure  from  a  linear  relation  between  loads  on  the  piers 
and  their  compressive  deformations  until  25  per  cent  of  the  maximum 
load  was  reached,  after  which  there  was  a  tendency  for  the  deforma- 
tions to  increase  more  rapidly  than  the  loads  increased. 

Table  9  gives  values  of  the  secant  modulus  of  elasticity  at  a  stress 
of  250  lbs./in.2,  obtained  by  dividing  this  stress  by  the  corresponding 
compressive  strain.  Values  of  the  secant  modulus  of  elasticity  for 
any  stresses  less  than  one-fourth  of  the  maximum  did  not  differ 
significantly  from  those  given. 

Table  9.—  Results  of  pier  tests 


Pier 

Secant 
modulus  of 
elasticity 
to  250 
lbs./in.' 

Compres- 
sive 
strength 

Pier 

Secant 
modulus  of 
elasticity 
to  250 
lbs./in.' 

Compres- 
sive 
strength 

Lbtiin* 
2,  cm.  ooo 

2,  400.  000 
2.  340.  000 

Ltisjin* 
1,735 
1,955 
1,879 

LbtJinJ 

1,050.000 
1.800.  000 
1,770,000 

Lo*./ln.« 
1,488 
1.677 
2.039 

CA-3  

PA-8  

Average  

2.  4SO.0OO 

1.856 

1,840.000 

im 

2,  120.000 
2, 140.  000 
2,380,000 

1.050 
2,458 
1.661 

PB-1  

980,000 
1,020.000 
1,220.000 

1,210 
1,421 

1.535 

PB-2.  

CB-a  

PB-3  

2.210,000 

2,025 

1,070,000 

1.3S9 

cc-i  

1.  570. 000 
960.000 
1.020,000 

1,235 
810 
1.010 

740.000 

1,070.000 
800.000 

1.072 
1.423 

1,112 

CC-2.  

CC-3  

PC-3  

1.  ISO,  000 

1,021 

870,000 

1,202 

»•  Dull  A.  Abrams,  Tests  of  Bond  Between  Concrete  and  8teel,  Bui.  No.  71,  University  of  Illinois 
>»  W.  H.  Glaurille,  Studies  In  Reinforced  Concrete.  I.  Bond  Resistance,  Building  Research  Tech. 
Paper  No.  10,  Dept.  of  Scl.  and  Ind.  Res.,  London,  1030. 
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Both  the  moduli  of  elasticity  and  compressive  strengths  of  the  piers 
were  greater  for  piers  of  types  A  and  B,  having  some  bricks  on  end, 
than  For  those  of  type  C  having  all  bricks  flatwise.  As  indicated  by 
the  data  of  Table  9  on  compressive  strength  of  the  piers  and  that  of 
Table  2  on  physical  properties  of  the  bricks,  there  were  not  large 
differences  in  strength  properties  of  either  bricks  or  piers. 

IV.  RESULTS  OF  BEAM  TESTS 
1.  DEFORMATIONS  IN  THE  BEAMS 

Load  deformation  curves  for  the  brickwork  and  the  steel  and  load- 
deflection  curves  for  the  beams  are  shown  in  Figures  4  and  5.  Values 
shown  for  the  strains  in  the  brickwork  and  steel  are  averages  cal- 
culated from  data  obtained  with  the  40-inch  gage  length  extensometer 
attached  to  the  sides  of  beams  and  the  readings  of  the  strain  gages. 
The  curves  are  similar  in  shape  to  those  representing  like  data  from 
tests  of  concrete  beams  containing  heavy  reinforcement.  Disre- 
garding the  portion  due  to  the  partial  release  of  the  load,  the  curves 
tend  to  consist  of  a  short  straignt  portion,  corresponding  to  the  first 
stage  of  loading,  while  the  brickwork  was  still  effective  in  resisting 
tensile  stresses;  then  a  curved  portion  as  the  failure  of  the  brickwork 
in  tension  took  place  and  then  a  nearly  straight  portion.  Usually 
this  was  followed  by  another  curved  portion  similar  to  that  of  a  stress 
strain  diagram  representing  the  later  stages  in  a  compressive  test  of 
brick  masonry. 

Some  bricks  under  the  reinforcement  bars  at  mid  span  were  re- 
moved, prior  to  testine  the  beams,  in  order  to  facilitate  attachment 
of  strain  gages  on  the  bars.  Due  partly  to  their  removal  and  partly 
to  lack  of  sensitivity  of  the  long  and  the  short  gage  tensometers, 
reliable  values  for  extensibility  of  the  brickwork  were  not  obtained. 

When  loads  on  the  beams  were  reduced  to  1,000  pounds  after  the 
first  loading,  strain  and  deflection  indicators  did  not  return  to  the 
positions  taken  under  the  first  application  of  a  load  of  1,000  pounds. 
The  differences,  which  are  measures  of  sets  produced  by  the  loadings, 
were  equal  usually  to  from  one-seventh  to  one-fifth  of  the  deformations 
under  tne  greatest  loading  which  preceded. 

2.  POSITIONS  OF  THE  NEUTRAL  AXIS 

Average  positions  of  the  neutral  axes  for  each  type  of  beam  at 
several  loads  as  determined  from  measured  deformations  are  indicated 
in  Figure  6,  k  being  the  ratio  of  depth  of  neutral  axis  to  depth  of 
centroid  of  the  steel.  Each  plotted  point  represents  a  value  obtained 
by  averaging  the  data  for  three  like  beams.  On  the  same  diagram 
are  shown  horizontal  lines  indicating  positions  of  the  neutral  axes 
corresponding  to  several  values  of  n,  calculated  by  means  of  the 
following  well  known  formula : 

k  =  i/2pn  +  (pn)2  -  pn 

where  fc  =  ratio  of  depth  to  neutral  axis  to  depth  of  the  centroid  of  the 
tensile  reinforcement. 
p«=  ratio  of  area  of  tensile  reinforcement  to  area  of  masonry 
above  the  centroid  of  the  tensile  reinforcement. 
E9    ratio  of  the  modulus  of  elasticity  of  steel  to  that  of  the 
n  ~  2£i   masonry . 
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As  loads  were  increased  there  was  a  tendency  for  the  neutral  axis 
to  rise  in  the  beams  of  types  A  and  B,  indicating  a  gradual  lessening  of 
tensile  resistance  of  the  brickwork.    The  tendency  of  the  neutral 
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Figure  4. — Load-deformation  curves  for  beams  with  Chicago  brick 
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axis  to  rise  continued  until  the  compressive  stresses  in  the  brickwork 
were  so  gpeat  that  the  rate  of  change  of  strain  with  compressive  stress 
in  the  brickwork  had  become  great  enough  to  either  partially  or  corn- 
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pletely  overcome  this  tendency.  Changes  in  the  depths  to  the  neutral 
axis  with  increased  loads  on  these  beams  resembled  those  in  rein- 
forced concrete  beams  of  similar  shape  and  reinforcement,  except  that 
the  reduction  of  tensile  resistance  of  the  brickwork  in  beams  of  types 
A  and  B  seemed  to  take  place  more  gradually  than  is  common  in 
beams  of  concrete.  As  the  modulus  of  elasticity  of  the  masonry 
Em  varies  with  stress  and  as  the  effects  of  tensile  resistance  of  the 
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masonry  are  neglected  in  the  derivation  of  the  design  formulas,  it  is 
desirable  to  determine  what  values  of  n  correspond  in  the  formula 
fc=  -yj2pn+  (jm)2  —  pn  to  the  observed  values  of  k.  For  this  purpose 
it  is  best  to  use  data  obtained  while  conditions  in  the  beams  most 
nearly  correspond  to  those  assumed  in  the  derivation  of  the  design 
formulas.  The  minimum  values  of  the  ratio  k  usually  were  obtained 
when  loads  on  the  beams  were  sufficiently  large  to  have  caused  tensile 
cracks  in  the  masonry  below  the  neutral  axis  and  yet  not  large  enough 
to  have  produced  a  rapid  plastic  yielding  of  the  masonry  in  corn- 
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pression.  The  minimum  values  of  k  observed  for  two  or  more  loads 
are  given  in  Table  10,  together  with  values  of  n  calculated  by  means 
of  the  foregoing  formula. 
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Figure  G.— Position  of  the  neutral  axes 

The  circles  indicate  values  of  *  determined  from  the  measured  deformations.  Calculated  values 
of  k  corresponding  to  the  values  of  n,  shown  on  the  right-hand  scale  of  each  graph,  are  indicated 
by  the  I 


Table  10. — Values  of  n  calculated  from  dimensions  of  beams  and  positions  of 
neutral  axes  during  tests.  Values  of  k  were  determined  from  the  long  gage  defor- 
mations 


Beam 


CA-1 
CA-2 
CA-3 

CB-1 
CB-2 
CB-3 

CC-1 
CC-2 
CC-3 


p 

k 

11 

Beam 

Per  cent 

1.08 

a  43 

16 

PA-1  

1.01 

.44 

17 

PA-2  

1.00 

.45 

18 

PA-3  

1.20 

.44 

15 

PB-1  

1. 17 

.45 

16 

PB-2  

i.  ie 

.45 

16 

PB-3  

1.31 

.06 

50 

PC-1  

1.31 

.62 

38 

PC-2  

1.30 

.68 

56 

PC-3  

P 

k 

ft 

Percent 

0  97 

0.54 

33 

.97 

.48 

23 

1.02 

.53 

29 

1.07 

.48 

21 

1.10 

.57 

34 

1.05 

.56 

34 

1.24 

.70 

66 

1.25 

.69 

62 

1.27 

.69 

60 

These  calculated  values  of  n  were  greater  for  beams  of  Philadelphia 
bricks  than  with  those  of  Chicago  bricks.    They  were  greatest  with 
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beams  of  type  C  and  least  with  those  of  types  A  and  B,  the  values 
corresponding  in  order  of  magnitude  to  the  average  number  and  total 
thickness  of  joints  per  unit  length  of  beam  in  the  upper  two  courses  of 
bricks.  However,  no  general  relations  between  dimensions  of  the 
mortar  joints  and  values  of  n  exist,  probably  on  account  of  the 
laminar  structure  of  the  bricks. 

Secant  moduli  of  elasticity  of  the  piers  were  in  all  cases  larger 
than  the  effective  moduli  of  the  masonry  of  beams  as  indicated  t>y 
values  of  n  in  Table  10.  The  ratios  of  these  values  range  from  0.5 
to  0.9.  A  close  correspondence  would  not  be  expected  because  of 
difference  in  distribution  of  stresses  over  their  unsymmetrical  cross 
sections.  The  entire  section  of  piers  A  and  C  resembled  more  nearly 
than  those  of  type  B  the  portion  of  the  masonry  in  the  beams  which 
were  in  compression.  For  these  two  types  the  average  ratios  of 
effective  moduli  of  masonry  in  beams  to  moduli  of  the  piers  ranged 
from  0.5  to  0.7.  Fortunately,  from  the  standpoint  of  design,  accurato 
values  of  n  are  rarely  required  for  satisfactory  results,  as  an  error  of 
50  per  cent  in  the  assumed  value  of  n  would  rarely  cause  an  error  of 
more  than  15  per  cent  in  the  calculated  stress  in  the  masonry  or  more 
than  4  per  cent  in  the  calculated  stress  in  the  steel. 

3.  TYPES  OF  FAILURES 

Failures  of  all  beams  were  accompanied  by  cracks  near  the  ends 
of  the  beams  between  a  support  and  the  nearer  load.  Figure  7  is  a 
view  of  two  beams  after  testing.  These  cracks  tended  to  extend 
diagonally  upward  from  the  support  toward  the  load  line,  in  some 
instances  passing  through  the  bricks  for  a  Dart  of  their  lengths  while 
in  others  following  the  mortar  joints  entirely.  They  usually  became 
visible  before  the  maximum  load  had  been  applied.  In  a  typical 
case,  the  appearance  of  the  crack  was  accompanied  by  a  falling  off 
of  load  and  a  rather  abrupt  increase  in  deflection.  After  this,  with 
the  machine  running  at  constant  speed,  load  increased  more  slowly, 
but  the  maximum  loads  were  usually  from  5  to  10  per  cent  greater 
than  when  the  crack  was  first  observed. 

All  beams  except  CA-2  and  CC-1  failed  by  diagonal  tension. 
The  tensile  reinforcement  in  beam  CA-2  began  to  yield  before  the 
maximum  load  had  been  applied.  Using  the  ordinary  formulas 
for  working  stresses  in  concrete  beams  and  considering  the  position 
of  the  neutral  axis  as  observed,  the  calculated  maximum  stresses  under 
maximum  load  in  this  beam  were  54,000  lbs./in.J  in  the  steel  and 
2,400  lbs./in.s  in  the  masonry.  Strain-gage  readings  indicated  yield- 
ing of  masonry  in  the  upper  surface  of  beam  CC-1  and  spalling  was 
observed  prior  to  the  maximum  load.  Calculated  stresses  under  the 
maximum  load  were  34,000  lbs./in.2  in  the  steel  and  1,340  lbs./in.* 
in  the  masonry.  The  beams  were  so  conservatively  designed  against 
failures  by  slipping  of  the  bars  that  the  bond  stresses  developed  in 
the  beam  tests  have  no  significance. 

4.  RESISTANCE  TO  DIAGONAL  TENSION 
(a)  EFFECT  OF  ARRANGEMENT  AND  BONDING  OF  BRICKS  IN  BEAMS 

Resistance  of  the  beams  to  failures  by  diagonal  tension  was  affected 
markedly  by  the  bonding  of  the  bricks  as  is  shown  by  the  data  of 
Table  11.  With  the  Chicago  bricks  the  ratios  of  the  average  maxi- 
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mum  shearing  stress  to  that  for  type  C  beams  were,  respectively, 
1.69,  1.38,  and  1.00  for  beams  of  types  A,  B,  and  C;  corresponding 
ratios  for  beams  of  Philadelphia  bnck3  were  1.49,  1.42,  and  1.00. 


Table  11.—  Results  of  beam  tests 


Beam  No. 

Width 
ft 

Denth 

Maxi- 
mum 
load 
W 

Mazi- 
mam 
shearing 
stress 

'"ftjM 

CA-1 

incnti 

12  73 
12  73 
1280 

Incnti 

11.00 
11.25 
11.30 

0.  Is5 
.85 

Pou  ndi 

36,700 
41.750 
XI.  fO) 

154 
171 
151 

CA-2    

CA-3 

Average  _  

  I   

12  75 

11.18 

.85 

38,680 

159 

CB-1 

12  23 
12  57 
12  67 

9.84 
9.84 
9.84 

.85 
.85 
.85 

28.500 
26,000 
27,600 

140 

123 
130 

rn-2 

12.  49 

9.84 

.85 

27.370 

131 

CC-1_  

12  90 
12.'.  Ki 
12  80 

H.  50 
8.50 
8.65 

.7S 
.78 
.78 

18.000 
14,900 
15.900 

106 

87 
91 

CC-2  

CC-3  

12.87 

8.55 

.78 

16,270 

94 

12  57 

12  77 
12  57 

11.  95 

11.65 
11.20 

.83 
.83 
.83 

23,450 
22  100 
26,000 

92 
89 

111 

PA-2  

12  74 

11.60 

.83 

23,850 

97 

12  90 

12  63 
13.23 

10.40 

10.  40 

10.40 

.83 
.83 
.83 

20.000 
17.400 
24.000 

90 

so 

105 

PB-3  

1292 

13.27 
13.20 
13.00 

ia40 

.83 

2a  470 

92 

PC-1  

PC-2  

8.75 
8.75 
8.75 

.77 
.77 
.77 

8,650 
14.400 

11.700 

48 

81 

67 

PC-3  

Average.  ..... 

13,18 

8.76 

•  77 

11.580 

65 

Now.— /-I— where  *  is  the  average  of  experimentally  determined  values  of  ratio  of  depth  of  neutral 
axis  to  effective  depth.   The  values  of  k  used  were  taken  from  Figure  6. 


Maximum  shearing  stresses  were  in  the  same  order  as  the  proportion 
of  bricks  laid  with  staggered  vertical  joints.  As  shown  in  Figure  1, 
joints  which  were  vertical  in  the  type  C  beams  during  a  test  were  not 
staggered;  they  extended  over  the  full  width  and  from  the  lower  to 
upper  surfaces  of  the  beams.  In  type  B  beams  all  vertical  joints  were 
staggered,  but  those  between  the  soldier  bricks  of  the  outer  wythes 
had  an  unbroken  vertical  length  about  equal  to  the  height  of  three 
courses  of  bricks  laid  flatwise.  The  vertical  joints  in  the  A  beams 
were  broken  at  each  course.  The  proportion  of  the  staggered  joints 
in  the  different  beams  my  be  expressed  by  approximate  numerical 
values  as: 

15  out  of  15  or  100  per  cent  in  the  A  beams. 
9  out  of  15  or  60  per  cent  in  the  B  beams. 
0  out  of  9  or    0  per  cent  in  the  C  beams. 
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(b)  EFFECT  OF  STRENGTH  AND  ABSORPTION  OF  THE  BRICKS 

Resistance  of  beams  to  shearing  stresses  (Table  11)  were  in  reverse 
order  to  compressive  strengths  flatwise  and  edgewise  of  the  bricks 
(Table  2),  the  strengths  of  Chicago  bricks  in  these  tests  being  less 
than  that  of  Philadelphia  bricks.  Chicago  bricks  were  stronger 
endwise  and  when  laid  as  in  the  top  course  of  beams  A  and  B  were 
subjected  to  compressive  stresses  in  the  direction  of  greatest  strength. 
However,  strengths  of  the  C  beams  were  not  in  the  same  order  as 
compressive  strengths  of  bricks  in  the  direction  of  the  axis  of  the 
beams.  It  appears,  therefore,  that  there  was  no  consistent  relation 
between  compressive  strength  of  bricks  and  shearing  resistance  of 
masonry. 

Shearing  resistance  of  the  beams  was  in  the  same  order  as  moduli 
of  rupture  of  the  bricks.  The  moduli  of  the  bricks  were  determined, 
however,  only  in  the  direction  of  their  lengths.  Bricks  from  both 
sources  were  laminated  and  their  moduli  in  other  directions  may  not 
have  been  in  the  same  order.  Therefore,  the  data  are  not  conclusive 
as  to  the  effect  of  the  moduli  of  rupture  of  the  bricks  on  shearing 
strength  of  the  masonry. 

Absorption  properties  of  the  two  kinds  of  bricks  did  not  differ 
greatly,  and  it  does  not  seem  likely  that  the  small  differences  in  ab- 
sorptions had  an  important  effect  on  the  relative  strengths  of  beams 
made  with  them. 

(c)  EFFECT  OF  BOND  STRENGTH  BETWEEN  MORTAR  AND  BRICKS 

As  noted  in  the  description  of  tensile  and  shearing  tests  of  brick- 
mortar  specimens,  some  specimens  were  made  with  wet  and  the  rest 
with  dry  bricks.  Some  were  aged  in  damp  storage  and  others  in  dry 
storage.  Bricks  for  the  beams  were  wetted  before  use.  Although  the 
beams  were  aged  in  the  laboratorv  where  some  drying  would  take 
lace,  the  rate  of  drying  was  probably  much  less  than  for  the  smaller 
ond  test  specimens  stored  in  air.  Hence,  it  would  be  expected  that 
the  moisture  content  during  fabrication  and  storage  of  the  beams  was 
not  the  same  as  for  any  of  the  bond-test  specimens  but  was  inter- 
mediate between  the  dry  and  wet  storage  bond-test  specimens  made 
with  wet  bricks.  Moreover,  as  conditions  during  the  first  few  days 
of  storage  have  a  greater  effect  upon  the  properties  of  Portland  cement 
mortars  than  those  during  a  similar  equal  period,  it  seems  likely  that 
the  properties  of  the  mortars  in  the  beams  were  more  nearly  like  those 
of  the  damp-cured  bond  specimens. 

Table  12  gives  ratios  of  the  average  maximum  shearing  stress  of 
beams  of  Chicago  bricks  to  those  of  Pniladelphia  bricks  for  each  type 
of  beam.  These  were  calculated  from  the  data  of  Table  11.  Similar 
ratios  calculated  from  data  of  Tables  6  and  7  for  bond  tests  are  given 
also.  The  close  agreement  between  ratios  for  the  beams  and  for  the 
damp-cured  bond-test  specimens  indicates,  as  would  be  expected,12 
that  tensile  and  shearing  strengths  of  the  masonry  were  closely  related 
to  the  resistance  to  diagonal  tension  of  the  masonry  beams. 

»  Because  the  appearance  of  the  cracks  Indicated  failures  due  to  diagonal  tension. 
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Table  12. — Effect  of  tensile  and  shearing  strengths  of  masonry  on  shearing  resistance 

of  beams 

[Ratio  of  strength  with  Chicago  bricka  to  strength  with  Philadelphia  bricks) 


Maximum  shearing  stress  beams: 

A  ___   L64 

B    1.43 

C     1.45 

Bond  strength  in  tension,  wet  bricks,  damp  storage..      1.  39 

Bond  strength  in  shear,  wet  bricks,  damp  storage   1.  41 

Bond  strength  in  tension,  wet  bricks,  air  storage.   1.  04 

Bond  strength  in  shear,  wet  bricks,  air  storage   1. 19 


V.  CONCLUSIONS 

1.  Maximum  shearing  stresses  for  the  different  types  of  beams, 
which  are  taken  as  measures  of  their  resistances  to  diagonal  tension, 
ranged  from  65  to  159  lbs./in.2. 

2.  Resistance  to  diagonal  tension  increased  with  an  increase  in  the 
proportion  of  the  bricks  laid  with  staggered  joints.  Maximum  shear- 
ing stresses  in  the  beams  having  all  bricks  laid  flatwise  with  staggered 
joints  were  about  60  per  cent  greater  than  in  beams  with  continuous 
(not  staggered)  joints. 

3.  Maximum  shearing  stresses  in  beams  with  one  kind  of  brick  were 
from  40  to  60  per  cent  greater  than  in  beams  made  with  the  other  kind. 
These  stresses  were  in  the  same  order  as  the  tensile  and  shearing 
strengths  of  small  masonry  specimens  made  with  the  same  kinds  of 
brick  and  mortar.  The  shearing  strength  of  the  beams  appeared  to 
be  independent  of  the  compressive  strengths  of  the  bricks.  The  only 
qualities  of  the  bricks  which  appeared  to  have  a  major  influence  were 
those  affecting  tensile  and  shearing  strength  of  the  masonry. 

4.  With  the  rapidly  absorbing  bricks  used  in  these  tests  tensile  and 
shearing  strengths  of  the  masonry  were  much  greater  when  the  bricks 
were  wetted  before  laying  than  when  laid  dry.  Curing  conditions 
had  a  relatively  small  effect;  specimens  made  with  dry  brick  were  made 
stronger  by  damp  curing,  while  those  made  with  wet  bricks  were 
stronger  when  air  cured. 

5.  The  neutral  axes  in  the  beams  rose  during  the  early  stages  of  the 
loading,  but  during  the  later  stages  usually  became  lower.  The 
positions  as  indicated  by  minimum  observed  values  of  k  corresponded 

E 

to  values  of  n=^  ranging  from  15  to  66.    The  effective  n  varied 

with  the  kind  of  bricks  in  the  beam  and  increased  with  an  increase 
in  the  average  number  and  total  thickness  of  mortar  joints  in  the 
upper  course  per  unit  of  length  of  beam.  The  effective  Em  in  the 
beams  ranged  from  0.5  to  0.7  of  the  secant  modulus  of  elasticity  of 
the  piers,  when  the  bonding  of  the  bricks  in  the  piers  was  similar  to 
that  in  the  upper  half  of  the  beams. 

6.  The  bond  strength  at  an  age  of  from  one  to  two  months  as 
determined  by  pull-out  tests  of  K-inch-square  deformed  bars  embedded 
8  inches  in  brickwork  ranged  from  870  to  950  lbs./in.2.  Differences  in 
the  kinds  of  bricks  and  of  curing  conditions  did  not  cause  significant 
changes  in  these  bond  strengths. 

Washington,  September  17,  1932. 
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ABSTRACT 

A  special  type  of  chamber  has  been  designed  to  measure  the  ionization  produced 
by  3  to  12  kv  X  rays  in  a  known  volume  of  unrestricted  air,  thus  making  it  possible 
to  express  the  intensity  of  the  X-ray  beam  in  roentgens  per  minute.  By  the  use 
of  a  very  small  guarded  field  ionization  chamber  (5  by  5  cm),  the  air-absorption 
correction  is  reduced  several  fold,  and  hence  errors  in  its  determination  are  not 
so  serious  in  the  final  result  sought.  It  is  shown  that  air-absorption  corrections 
must  be  determined  separately  for  each  beam  of  radiation  used,  and  the  chamber 
is  so  designed  that  the  necessary  corrections  may  be  determined  without  recourse 
to  other  special  apparatus.  Examples  are  given  showing  in  detail  the  methods 
of  making  measurements  with  the  chamber  described.  Compared  at  higher 
voltages  (40  to  90  kv)  with  a  large  primary  standard  ionization  chamber,  the 
small  type  here  described  shows  a  divergence  of  about  ±0.5  per  cent  which  is 
believed  to  be  the  over-all  error  present  in  its  use.  In  order  to  obtain  this  close 
agreement  it  is  necessary  to  take  special  precautions  in  the  construction  and 
measurement  of  the  limiting  diaphragm  and  the  collector  electrode. 
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I.  INTRODUCTION 

With  the  increasing  clinical  use  of  soft  X  rays,  excited  by  potentials 
of  3  to  12  kv  (peak),  arises  the  necessity  for  their  more  accurate 
measurement  such  as  obtains  with  the  higher  voltage  radiations. 
This  is  particularly  important  in  view  of  the  fact  that  such  radiation 
may  furnish  an  erythema  dose  in  one  or  two  minutes.  In  fact  errors 
in  measurement  assume  even  greater  importance  than  for  high-voltage 
X  rays. 

Although  several  investigators  have  reported  on  the  measurement 
of  soft  X  ravs  (so-called  grenz  rays),  they  have  given  but  few  essential 
details  of  the  methods  they  employed.  8  4  This  obscurity  led  us  to 
construct  an  open-air  ionization  chamber  capable  of  measuring  soft 

i  Presented  at  annual  meeting  of  Radiological  Society  of  North  America,  St.  Louis,  JDecember,  1031. 
»  H.  Kustner,  8tmh.lonthprnpie,  vol.  27,  p.  124.  1928. 

*  B.  Kajewsky  and  O.  Oabriel,  Strahlentherapie,  vol.  SO,  p.  20,  192s. 

*  Otto  Olasser.  Chap.  Ill  of  Grenx  Ray  Therapy,  by  Qiutav  Bucky,  Macmillau,  1929.   See  also  Ra- 
diology. 
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X  rays,  and  to  compare  it  with  the  standard  used  for  measuring  high- 
voltage  X  rays.*  A  chamber  has,  therefore,  been  designed  which 
measures  reliably  X  rays  excited  by  voltages  ranging  from  3  to  80  kv 
(peak),  covering  not  only  the  "grenz-ray  therapy"  (3  to  12  kv)  but 
also  the  lower  "diagnostic  X-ray  range"  (60  to  80  kv). 

Open-air  chambers  lacking  a  guarded  field  are  not  readily  applicable 
to  the  measurement  of  soft  X  rays  because  the  large  air  absorption 
correction  involved  can  not  be  determined  with  desired  accuracy. 
The  principle  of  the  guarded-field  air-ionization  chamber  *  renders  it, 
however,  particularly  adaptable  by  permitting  the  air  path  between 
diaphragm  and  collector  plates  to  be  reduced  to  a  minimum.  The 
points  essential  to  its  successful  application  to  low-voltage  X  rays 
are  worked  out  in  the  present  investigation. 

II.  DESCRIPTION  OF  CHAMBER 

Described  briefly,  the  guarded-field  ionization  chamber  furnishes 
adequate  field  uniformity  over  the  width  of  the  collector  electrode 
of  a  parallel  plate  ionization  chamber  bv  means  of  properly  charged 
guard  wires  stretched  across  the  open  faces  of  chamber,  the  poten- 
tials of  the  wires  being  divided  in  equal  successive  steps  between 
zero  (at  collector)  and  the  plate  potential.  It  has  been  shown  that 
such  a  system  permits  the  use  of  grounded  metal  parts  (case,  dia- 
phragm, etc.)  much  closer  to  the  electrodes  than  would  otherwise  be 
possible.  In  the  present  case  the  shielding  and  the  limiting  dia- 
phragm may  be  brought  to  within  5  cm  of  the  center  of  the  collector 
plate,  and  air-absorption  correction  need  be  made  only  for  this  small 
distance. 

A  cross  section  of  this  special  ionization  chamber  for  soft  X  rays 
is  shown  in  Figure  1.    The  electrode  system  consists  of  the  high- 

{)otential  plate,  A,  the  two  grounded  guard  plates,  B,  and  the  col- 
ector  electrode,  C,  all  mounted  as  a  unit,  similar  to  the  larger  type 
of  guarded  field  chamber.  The  4  rectangular  guard  wire  loops,  a, 
6,  c,  d,  made  of  10-mil  aluminum,  are  maintained  at  equal  potential 
steps,  respectively,  between  earth  and  the  potential  of  A  by  means 
of  5  half-megohm  resistors,  r,  r,  mounted  on  a  hard  rubber  support- 
ing frame.  The  entire  electrode  system  can  be  slid  the  length  of  the 
box,  D,  on  two  guide  rods,  and  its  position  read  on  the  scale,  S,  which 
also  serves  as  a  "handle"  with  which  to  move  the  system  from  the 
outside. 

The  box,  D,  is  of  #-inch  brass,  which  provides  sufficient  radiation 
protection  for  lower-voltage  X  rays.  For  higher-voltage  X  rays  it 
is  further  shielded  with  about  15  mm  of  lead.  The  rod,  H,  is  con- 
nected to  a  source  of  sufficiently  high  potential  to  produce  saturation 
current  in  the  chamber  and  makes  contact  with  the  plate,  A,  through 
a  sliding  spring.  Similarly  the  collector  electrode,  C,  is  connected 
by  a  sliding  contact  to  E,  which  leads  to  the  electrometer  system. 
The  rod,  E,  is  shielded  over  its  entire  length,  as  shown  by  the  section 
X,  for  the  purpose  of  preventing  any  ions  not  formed  within  the  elec- 
trode system  from  reaching  the  electrometer  system.  The  adequacy 
of  this  shielding  was  tested  experimentally. 

The  diaphragm,  n,  has  an  8-mm  orifice  with  the  limiting  edges 
cylindrical  and  about  1  mm  thick.    The  chamber  as  a  whole  is 


»  L.  8.  Taylor  and  O.  Singer.  B.  S.  Jour.  Keseartb,  vol.  5  (KP211),  p.  507,  1930. 
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mounted  on  a  base  that  slides  in  a  direction  parallel  to  the  X-ray 
beam  axis.  A  series  of  aluminum  filters,  F,  about  3  cm  in  diameter, 
are  mounted  on  a  celluloid  disk,  the  axis  of  which  is  independently 
movable  parallel  to  the  axis. 

III.  CALIBRATION  MEASUREMENTS 
1.  COLLECTOR  ELECTRODE 

Since  the  chamber  is  so  small,  it  is  imperative  that  its  essential 
dimensions  be  known  with  high  accuracy.  The  collector  electrode 
being  only  about  1  cm  wide,  along  the  length  of  the  beam,  an  error 
of  Ko  mm  in  determining  its  effective  width  (true  width  plus  one- 
half  the  width  of  both  air  gaps  between  collector  and  guard  plate) 
would  introduce  an  error  of  1  per  cent  in  the  effective  air  volume. 
The  necessity  for  determining  this  with  accuracy  is  obvious.  Ac- 
cordingly, through  the  help  of  the  gage  section  of  this  bureau,  the  fol- 
lowing typical  measurements  were  obtained : 


mm 

Width  of  collector  electrode   9.492  ±0.005 

Separation  between  guard  plates.   9.904  ±  .005 

Effective  collector  width   9.698  ±  .005 


Furthermore,  to  avoid  field  distortion  at  the  edges,  it  is  essential 
that  the  faces  of  the  collector  and  guard  plate  lie  exactly  in  the  same 
plane.  Field  distortion  at  these  edges  presents  one  of  the  most 
serious  obstacles  to  accurate  current  measurements  in  case,  during 
the  compensation  of  current,  it  is  difficult  to  hold  the  collector  at 
zero  potential. 

2.  CHAMBER-LIMITING  DIAPHRAGM 

This  diaphragm  consists  of  a  coin-gold  sleeve,  n,  held  in  a  Pb-Bi 
alloy  ring,  N.  Its  orifice  was  made  and  measured  in  two  ways — the 
first  by  lapping  the  inner  surface  and  then  measuring  by  the  plug- 
gage  method;  the  second  by  forcing  a  standard  steel  ball  through  an 
orifice  which  had  been  previously  turned  to  a  diameter  of  one  or  two 
thousandths  of  an  inch  less  than  the  ball  diameter.  The  latter  method 
burnished  the  surface  and  at  the  same  time  determined  its  size.  The 
measured  diameters  of  two  such  diaphragms  were: 

mm  at  68°  F. 

Diaphragm  1  (plug-gage  method)   7.8608  ±  0.0001 

Diaphragm  2  (steel-ball  method)...   7.9375 ±  .0001 

It  is  seen  that  the  accuracy  in  determining  the  diaphragm  area  by 
either  method  is  about  1  part  in  9,000. 

3.  SATURATION  VOLTAGE 

Voltage  to  saturate  the  ionization  chamber  was  supplied  from  a 
1,300- volt  d.  c.  generator.  Curve  A  in  Figure  2  shows  that  satura- 
tion was  reached  at  about  300  volts;  hence,  for  normal  operation, 
500  volts  was  applied. 

4.  EFFECT  OF  SCATTERED  RADIATION 

In  chambers  for  higher-voltage  X  rays  the  limiting  diaphragm 
must  be  placed  at  least  10  to  15  cm  from  the  collector  to  avoid  the 
influence  of  X  rays  and  0  rays  scattered  from  the  diaphragm  edges. 
Since  the  radiation  from  low- voltage  X-ray  tubesjmust,  in  general, 
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be  measured  so  close  to  their  source  that  a  comparatively  divergent 
beam  enters  the  chamber,  the  customary  type  of  chamber  diaphragm 
is  not  satisfactory. 

The  diaphragm  placed  as  shown  in  N  by  Figure  1  is  satisfactory, 
provided  tne  scattering  from  its  walls  is  negligible.  This  was  tested 
by  measuring  the  ionization  with  the  diaphragm  in  place,  then  again 
after  shifting  it  to  the  end  of  a  10  cm  extension  tube,  iV',  the  chamber 
being  shifted  so  as  to  maintain  the  distance  from  AT  to  AT'  to  the  tube 
target  the  same.  Correction  was  made  as  shown  later  for  absorption 
in  tne  10  cm  additional  air  path.  Measurements  at  40  kv  (eff)  gave 
»the  following  results: 

Intensity,  diaphragm  at  normal  position   0.  964  ±  0.  0033 

Intensity,  diaphragm  shifted  to  10  cm    970  ±  .  0027 


Difference. 
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Figure  2 


a,  Saturation  curve  for  special  ionization  chamber;  b,  variation  of  measured  ionization  with  distance  be- 
tween diaphragm  and  ionization  chamber;  e,  air  absorption  factor  for  calibration  of  special  ioniza- 
tion chamber;  d,  X-ray  intensity  along  cross  section  of  beam  used  in  calibrating  ionization  chamber. 

The  observed  difference  being  of  the  same  magnitude  as  the  error  of 
observation  but  in  the  direction  opposite  to  that  to  be  expected,8  it 
is  assumed  that  the  two  arrangements  give  identical  results  for  the 
comparatively  narrow  beams  used.  In  other  words,  the  scattering 
effect  from  the  walls  of  the  diaphragm  orifice  is  negligible. 

Use  of  the  divergent  beam  exposes  the  guard  wires  to  the  direct 
radiation,  and  this  may  have  a  scattering  effect.  To  test  for  scatter- 
ing from  this  source,  two  strands  of  20-mil  aluminum  wire  were  sus- 
pended, insulated,  in  the  beam  between  the  10-mil  guard  wires  6  and 
c,  hence  did  not  influence  the  field.  The  following  measurements 
were  obtained  at  40  kv  (eff),  with  no  filtration: 

Intensity,  wires  in  beam   0.  295  ±0.  0016 

Intensity,  wires  out  of  beam   .  294 ±  .  0008 


Difference. 


.  001 


'This  is  probably  due  to  error  in  the 
145879—32  5 


Digitized  by  Google 


774  Bureau  oj  Standards  Journal  of  Research  i  vu. » 

The  difference  being  of  the  magnitude  of  the  experimental  error,  no 
appreciable  effect  arises  from  permitting  the  beam  to  strike  the  guard 
wires. 

5.  FIELD  DISTORTION 

To  determine  how  close  the  electrode  system  may  be  brought  to 
the  front  end  of  the  box  without  introducing  appreciable  field  dis- 
tortion, X-ray  intensities  were  measured  at  each  of  several  successive 
positions  of  the  electrodes  with  respect  to  the  box  front.  Curve  B, 
Figure  2,  shows  the  observed  increase  in  ionization  as  the  distance 
from  collector  electrode  to  the  diaphragm  is  increased.  Beyond  5  » 
cm,  further  change  is  only  about  0.2  to  0.3  per  cent,  a  magnitude 
smaller  than  the  experimental  error  in  these  particular  measurements. 

IV.  COMPARISON  WITH  STANDARD  CHAMBER 

The  reliability  of  the  special  ionization  chamber  was  finally  proved 
by  comparing  it  with  the  primary  standard  on  the  higher  voltage 
radiation.  Smce  it  was  not  feasible  to  do  this  directly,  the  special 
chamber  was  compared  with  a  guarded  field  secondary  chamber  and 
this,  in  turn,  with  the  guarded  field  primary  standard.  For  the  same 
beam  of  70  kv  unfiltered  radiation,  the  following  measurements  show 
an  agreement  between  the  primary  and  secondary  chambers  closer 
than  the  experimental  error: 

Primary  standard  ionization  current  0.  1315  ±  0.  00026 

Secondary  standard  ionization  current    .  1316  ±  .  00030 

0001 

Comparison  of  the  special  chamber  with  the  secondary  standard 
was  made  with  unfiltered  radiation  excited  by  40  to  90  kv  (peak). 
To  eliminate  as  many  variables  as  possible,  the  same  diaphragm  was 
used  interchangeably  on  both  chambers.  Likewise,  tne  collector 
electrode  of  eacn  chamber  was  connected  to  the  same  electrometer. 
Saturation  voltages  were  supplied  separately.  Both  chambers  were 
placed  in  a  fixed  position  and  the  tube  shifted  on  a  track,  so  that  the 
same  beam  could  enter  either  chamber  as  desired.  To  have  this 
beam  moderately  well  defined,  a  diaphragm  16  mm  in  diameter  was 
placed  about  2  cm  from  the  wall  of  the  200  kv  thin-walled  Coolidge 
tube  used.7 

Ionization  currents  were  measured  by  means  of  a  null  electrostatic 
compensator,  such  as  was  used  in  previous  work,8  wherein  the  ioniza- 
tion charge  was  compensated  over  a  known  interval  of  time.  How- 
ever, instead  of  exposing  the  chamber  for  a  given  time  by  means  of  an 
electrically  operated  shutter  in  the  X-ray  beam,  the  electrometer  was 
connected  to  the  chamber  for  a  definite  period  by  means  of  an  electri- 
cally operated  switch  9  located  at  E'  (fig.  1).  The  chamber  and  elec- 
trometer were  connected  by  a  shielded  rubber  cable. 

The  effective  length  along  the  beam  of  the  collector  of  the  secondary 
standard  was  4.975  cm,  so  that,  for  the  same  diaphragms,  the  effective 
air  volumes  ionized  in  the  special  and  secondary  chambers  were  in  the 
ratio  0.9698  to  4.975.  All  readings  with  the  secondary  chamber  were 

'  L.  8.  Taylor,  B.  8.  Jour.  Research,  vol.  2  (RP56),  p.  771,  1929. 

•  L.  S.  Taylor,  B.  S.  Jour.  Research,  vol.  6  (RF306),  p.  807,  1031. 

•  L.  8.  Taylor,  B.  S.  Jour.  Research,  vol.  8  (RP397),  p.  9.  1932. 
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therefore  divided  by  5.129  to  reduce  to  the  same  effective  air  volume 
as  the  special  chamber. 

The  distance  between  the  limiting  diaphragm  and  center  of  the 
collector  electrode  on  the  secondary  chamber  was  22.5  cm,  as  com- 
pared with  7  cm  for  the  corresponding  distance  on  the  special  chamber. 
Absorption  in  the  air-path  aifference  of  15.5  cm  will,  for  the  same 
beam,  lower  the  measured  current  of  the  secondary  chamber  relative 
to  that  of  the  special  chamber  by  a  corresponding  amount.  Since  this 
absorption  depends  upon  such  factors  as  voltage  wave  form,  tube 
characteristic,  and  tube  wall  thickness,  it  must  be  determined  for  each 
set  of  conditions  employed. 

At  voltages  ranging  from  40  to  100  kv,  where  the  X  rays  pass 
initially  through  moderately  thick  tube  walls,  the  radiation  is  suffi- 
ciently hardened  so  that  its  quality  undergoes  no  appreciable  further 
change  in  passing  through  50  cm  of  air.  In  such  case  the  air  absorp- 
tion is  approximately  proportional  to  the  length  of  the  air  path.10  But, 
as  shown  later,  this  is  not  true  for  the  4  to  12  kv  radiation  for  which 
the  special  chamber  is  designed. 

Air-absorption  measurements  to  be  applied  in  the  present  compari- 
son were  made  with  the  large  open  air  standard  ionization  chamber,11 
using  the  limiting  diaphragm  in  a  fixed  position  relative  to  the  target 
so  as  to  define  a  narrow  beam  passing  between  the  chamber  plates. 
X-ray  intensities,  Ix  and  I2,  were  then  measured  with  the  plates  at  the 
distances  110.6  and  128.0  cm,  respectively,  from  the  target.  The 

ratio  y  •  giving  the  air  absorption  correction  factor  for  an  air  path 

of  17.4  cm,  is  plotted  against  applied  voltage  in  curve  C  of  Figure  2. 
The  absorption  being  practically  linear  with  distance,  it  is  simple  to 
correct  it  to  fit  any  path  length  as,  for  example,  15.5  cm,  required  in 
the  present  set-up  and  shown  by  the  broken  curve. 

To  insure,  in  the  comparison,  proper  alignment  of  the  special 
chamber,  measurements  were  made  of  the  intensity  of  the  X-ray  beam 
over  its  horizontal  cross  section  in  the  plane  of  the  diaphragm,  N.  As 
shown  by  curve  D  in  Figure  2,  the  area  of  effective  uniformity,  about 
1  cm  wide,  indicates  the  range  of  proper  alignment.12 

Typical  results  of  the  comparison  of  the  special  with  the  secondary 
chambers,  with  unfiltered  radiation  from  a  thin  wall,  deep  therapy 
Cooiidge  tube,  are  given  in  Table  1. 

Table       -Comparisons  of  special  ionization  chamber  icith  secondary  chamber 


kv 

Absorp- 
tion fac- 
tor 
(/i//i)u.i 

40 
SO 
70 
90 

4.  A3 
2.30 
2.88 
6.08 

4.46 
2.205 
2.79 
6.08 

1.040 
1.033 
1.028 
1.027 

0.006 
1.008 
1.003 
.S68 

Column  2  gives  the  intensities  I9  in  Rontgens  per  minute  as  meas- 
ured with  the  special  chamber;  column  3,  the  intensities,  /„  at  the 


m  L.  8.  Tavlor  and  O.  Singer,  B.  8.  Jour.  Research,  vol.  6  (RP271),  p.  219,  1931. 
»  L.  8.  Taylor,  B.  8.  Jour.  Research,  vol.  2  (RI'56),  p.  771.  1929. 
«  L.  8.  Taylor,  B.  8.  Jour.  Research,  vol.  3  (RP119),  p.  807,  1929. 
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middle  of  the  collector,  as  determined  with  the  secondary  standard  but 
uncorrected  for  air  absorption  in  the  extra  15.5  cm  of  path;  column  4, 
the  corresponding  air-absorption  factor  as  obtained  from  the  broken 
curve  of  Figure  3  (C),  and  by  which  Is  is  multiplied  in  order  to  obtain 
the  intensity  15.5  cm  nearer  the  diaphragm,  at  which  point  the  special 
chamber  is  used;  and  the  last  column  gives  the  ratio  of  the  intensities 
furnished  by  the  two  chambers. 

At  90  kv  (peak)  the  small  chamber  indicates  definitely  too  little 
ionization.  This  is  attributed  to  the  close  spacing  (5  cm)  of  the 
collector,  C,  and  high-potential  plate,  A,  which  does  not  permit  full 
utilization  of  the  range  of  the  photoelectrons  emitted  along  the  path 
of  the  X-ray  beam.  This  sets  a  definite  X-ray  voltage  limit  above 
which  the  small  chamber  should  not  be  used.  The  safe  working 
range  for  the  present  chamber  includes,  however,  the  lower  part  of  the 
diagnostic  X-ray  region  and  may  be  used  where,  due  to  "wall  effect, " 
measurements  with  most  thimble  ionization  chambers  become 
inaccurate. 

V.  MEASUREMENTS  OF  "GRENZ  RAYS" 

Having  found  agreement  between  the  indications  of  the  special 
and  the  standard  chambers  at  voltages  ranging  from  40  to  80  kv 
(peak),  the  use  of  the  special  chamber  may  be  extended  down  to  any 
X-ray  voltage  for  which  adequate  air  absorption  correction  can  be 
made. 

For  measuring  so-called  "grenz  rays,"  4  to  12  kv  (peak),  the  neces- 
sary corrections  will  be  indicated  and  the  necessity  for  accurately 
measuring  the  air  absorption  for  each  set  of  experimental  conditions 
under  which  the  radiation  is  used  will  be  brought  out. 

Very  soft  X  rays  (4  to  12  kv)  are  absorbed  by  air  to  such  a  degree 
that  the  radiation  quality  chauges  rapidly  even  in  a  distance  of  only 
5  cm.  The  beam  intensity  should,  therefore,  be  measured  at  the  exact 
position,  with  respect  to  both  tube  and  filter,  where  the  radiation  is 
to  be  applied,  because  it  is  unsafe  to  apply  the  inverse  square  law  for 
computing  intensities  at  points  other  than  where  measured.  Further- 
more, it  is  essential  to  determine  the  air  absorption  between  diaphragm 
and  collector,  C,  for  an  air  column  having  exactly  the  same  position 
with  respect  to  the  target  as  the  column  between  diaphragm  and 
collector  when  the  chamber  is  in  its  working  position,  if  the  point  of 
application  is  taken  at  the  position  of  the  limiting  diaphragm. 

The  requirements  are  illustrated  in  Figure  3,  which  gives  a  plot  of 
the  intensity  of  an  X-ray  beam  as  a  function  of  the  distance,  c,  from 
the  target,  T.  At  the  lower  part  are  indicated  several  possible  posi- 
tions of  an  ionization  chamber  with  respect  to  the  tube.  Suppose, 
for  example,  the  intensity,  Ib,  at  the  position,  6,  is  to  be  measured. 
The  chamber  diaphragm  would  be  placed  at  position,  nx  =  b,  and  the 
middle  of  the  collector  electrode  at  eXf  a  distance,  d,  from  nx,  where 
d  is  the  minimum  working  distance  between  collector  and  diaphragm. 
Owing  to  air  absorption  over  the  path,  b  —  c,  the  intensity  measured  at 
ex  must  be  corrected  to  give  the  value  as  if  at  the  position,  nx.  This 
correction  can  not  be  obtained  by  simply  keeping  nx  fixed,  and  moving 
ex  away  an  equal  distance,  d,  to  the  position  ex  because,  due  to  the 
filtering  action  of  the  air,  the  radiation  quality  at  g  is  different  from 
that  at  c. 
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To  obtain  the  air  absorption  factor  to  be  applied  in  the  chamber 
working  position,  it  is  necessary  to  move  the  chamber,  including 
diaphragm,  toward  the  tube  a  distance,  d,  to  the  position,  n,,  and  then 
measure  the  intensities,  Ib  and  Ie,  obtained,  respectively,  at  the  two 


Figure  3. — Diagram  of  working  positions  of  special  ionization  chamber  in 

determining  air  absorption  factors 


positions  of  the  collector  plate,  et  =  nif  and  e^  —  e\.  The  ratio  j  gives 

the  air  absorption  factor  to  be  applied  to  the  readings  made  with  the 
chamber  at  the  position  n\.    Corrections  made  in  this  manner  are 


Figure  4. — Power  circuit  for  grenz-ray  generator 


limited  to  distances,  d,  or  greater,  from  the  X-rav  tube.  The  special 
chamber  described,  owing  to  its  small  size,  is  particularly  well  adapted 
to  the  problem;  an  unguarded  field  type  can  not  be  made  sufficiently 
small  without  introducing  too  great  field  distortion. 
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The  observed  change  in  the  air  absorption  factor,  as  the  distance 
from  the  tube  is  changed,  is  given  in  Table  2. 

Table  2.— Air  absorption  factors  8  kv  {peak)  (Slack  tcindow,  Orenz  ray  tube)  1 


Absorp- 

tion path 

Absorp- 

Diaphragm position 

distance 

tion 

from 

factor 

target 

.  — — 

1  (•-*) 

m 


em 
12-18 
1^24 


1.635 
1.603 
1.576 


«  C.  M.  Black,  J.  Opt.  8oc.  Am.,  vol.  18.  p.  123,  192». 

The  letters  in  parentheses  refer  to  the  positions  in  Figure  4.  The 
correction  factor  changes  between  positions  1  and  2  by  4.2  per  cent; 
between  2  and  3,  due  to  hardening  of  the  radiation,  by  only  1.7  per 
cent.  This  proves  that  air-absorption  corrections  made  in  one  posi- 
tion can  not  be  applied  to  another  position  without  introducing  a 
corresponding  error. 

It  is  also  evident  from  these  measurements  that,  as  the  distance,  d 
(fig.  3),  of  the  middle  of  the  collector  electrode  increases,  the  absorption 
correction  correspondingly  increases,  and  may  become  so  large  that  its 
accuracy  of  determination  is  insufficient.  It  is  obvious  that  d  should 
be  kept  as  small  as  possible.  With  the  chamber  used  here,  d  may  be 
as  small  as  5  cm  for  radiation  up  to  80  kv  (peak) ;  while,  for  the  same 
range,  a  simple  parallel  plate  or  cylindrical  ionization  chamber  would 
have  a  minimum  distance  rf=  13  cm  and,  therefore,  at  least  double  the 
absorption. 

Measurements  were  made  using  a  commercial  grenz  ray  generator 
and  a  tube  with  a  thin  indrawn-bubble  type  of  window  u  of  such  size 
and  position  that  the  ionization  chamber  diaphragm  could  be  brought 
to  about  5  cm  of  the  target.  The  filament  side  of  the  tube  was 
grounded  (fig.  4)  and  the  voltage  regulated  by  means  of  a  slide  wire 
auto  transformer  TA  in  the  primary  circuit  of  the  high- voltage  trans- 
former. Peak  voltage  was  determined  from  the  manufacturer's 
calibration  in  terms  of  the  voltage,  V,  on  the  primary  of  the  trans- 
former. (Since  accurate  values  of  the  tube  voltage  were  of  no  great 
significance  in  this  particular  work,  the  voltage  calibration  was  not 
checked.) 

Air  absorption,  expressed  in  terms  of  an  absorption  factor,  hjle 
(see  fig.  3)  multiplied  by  the  ionization  reading,  Ic,  gives  the  intensity 
in  Rontgens  per  minute  at  the  point,  6,  the  position  of  the  limiting 
diaphragm.  The  absorption  factor,  Ib/Ic,  for  <f  =  6  cm  is  plotted  in 
Figure  5  as  a  function  of  the  thickness  of  aluminum  filter  used  in  the 
beam.  It  is  seen  that  for  lightly  filtered  radiations  air  absorption 
correction  may  be,  with  6  kv  radiation,  as  large  as  40  per  cent.  The 
need  for  accuracy  of  this  correction  is  obvious. 

Figure  6  gives  a  series  of  curves  showing  the  intensity,  /»,  in 
Rdntgens  per  minute  at  the  position  6  =  12  cm  as  a  function  of  the 
aluminum  filtration.    The  lower  curve  of  each  pair  gives  the  measured 


'» See  footnote  to  Table  2. 
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intensity  while  the  upper  curve  gives  the  corresponding  calculated 
•value  at  the  diaphragm — obtained  by  multiplying  by  the  appropriate 
absorption  factor  from  Figure  6.  It  is  interesting  to  note  in  this 
connection  that  a  lateral  shift,  corresponding  to  0.0055  mm  thickness 
of  aluminum,  of  the  first  curve  of  any  pair  brings  the  two  curves 
together,  within  experimental  error.  This  means  that  the  absorption 
of  6  cm  of  air  is  equivalent  to  0.00055  cm  of  aluminum  for  the  range 


1.01  I  I  I  I  I 

.02         .04         .06         .08  .10 

Aluminum  Filtration  (mm) 

Figure  5.  —  Air  absorption  factor  for  different  voltage  X  rays  nec- 
essary in  the  use  of  special  ionization  chamber 

of  voltages  and  qualities  covered  in  Figures  5  and  6.  The  aluminum 
equivalence  of  air  is  from  this  9.2  X  10"*  mm  Al  per  mm  of  air;  which 
agrees  favorably  with  the  value  9X10"8  reported  by  Siegbahm.14 
but  is  appreciably  higher  than  Glasser's  value  of  7.9  X  10"'  mm. 

The  logarithm  of  the  intensity  plotted  against  thickness  of  filter 
shows  a  distinct  curvature  up  to  0.1  mm/Al  filtration  and  indicates 
that  there  is  no  "homogeneity  filter"  18  beyond  which  the  quality 
does  not  change.    Typical  examples  of  intensity  and  absorption 


"  M .  Siegbahm,  The  Spectroscopy  of  X  KaytfOxford),  192J 
»  H.  BeBn)ceri..Z«tufur.  Tech.  Physiol.  2,  p.  153.  1921. 
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curves  for  grenz  rays  have  been  given  by  Jacobson  16  and  others. 
Such  curves  have  value  only  for  a  particular  tube  and  should  be  - 
determined  separately  for  each  type  of  generator,  as  brought  out  by 
using  the  system  indicated  in  Figure  4.  Here  tube  emission  was 
measured  for  a  constant  voltage,  V,  applied  to  the  transformer,  T, 
and  constant  current,  /,  through  the  tube,  the  input  voltage  Va,  to  the 
control  autotransformer  being  stabilized  in  one  case  and  unstabilized 
in  the  other.17  The  results  in  Table  3  show  a  50  per  cent  decrease  in 
emission  with  the  particular  type  of  stabilization  used.  Since  the 
effect  of  wave  form  on  emission  varies  between  tubes  of  different 


.02  04         .06  .06 

Aluminum  Filtration  (mm) 


Figure  6.  —X-ray  intensities  measured  with  the  special 
ionization  chamber  before  and  after  application  of  the 
air  absorption  correction 

types,  there  is  little  to  be  gained  by  further  investigation  of  the 
variation ;  it  simply  emphasizes  the  necessity  for  individual  measure- 
ments with  each  type  of  generator  used. 


Table  3.  — Orem-ray  emissions  for  different  voltage  wave  forms 


Line 
voltage 
VL 

StabUlter 

Input 
voltage 
Vo 

Emission 

109 
104 
109 
104 

109 
104 
108.6 
108.5 

10.07 
10.24 
8.83 
8.62 

 do    

In   .... 

 do  

Washington,  August  1,  1932. 


L.  Jacobson,  Am.  J.  Roent.,  vol.  22,  p.  547,  1929. 
lT  All  stabilizers  of  the  general  type  here  used  produce  a  distorted  wave  form  depending  on  the  load  power 
factor.  This  does  not  affect  the  usefulness  of  the  instrument  for  its  intended  purixwe. 
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A  MULTIRANGE  POTENTIOMETER  AND  ITS  APPLICA- 
TION TO  THE  MEASUREMENT  OF  SMALL  TEMPERA- 
TURE DIFFERENCES 


In  determining,  as  a  criterion  of  purity,  the  boiling  range  or  the  freezing  range 
of  a  liquid  which  is  being  purified  by  fractionation,  it  is  convenient  to  be  able  to 
determine  accurately  the  small  difference  between  the  boiling  points  or  the  freez- 
ing points  of  the  two  end  fractions.  The  occasional  measurement  of  relatively 
large  temperature  differences  between  two  fractions  also  requires  that  the  total 
range  of  measurement  be  large  in  comparison  with  the  smallest  measurable  tem- 
perature difference. 

Thermocouples  are  very  suitable  for  measurements  of  temperature  difference. 
To  increase  the  electromotive  force  per  degree  it  was  decided  in  a  particular  case 
to  use  a  group  of  10  copper-constantan  thermocouples  in  series.  Even  with  these 
10  couples,  the  electromotive  force  corresponding  to  a  difference  of  0.001°  C. 
would  be  only  0.4  mv,  and  its  measurement  to  the  nearest  0.0001°  would  require 
the  measurement  of  the  electromotive  force  to  0.04  mv.  Measurements  accurate 
to  such  a  small  quantity  require  not  only  that  the  potentiometer  used  shall  be 
extraordinarily  free  from  parasitic  electromotive  force,  but  also  that  provision 
should  be  made  for  readily  detecting  and  eliminating  any  such  intruding  electro- 
motive force  in  the  galvanometer  circuit. 

The  relatively  little-used  "second  method"  of  Poggendorff,  as  first  realized  in 
practical  form  by  Lindeck  and  Rothe,  appeared  to  offer  the  most  desirable  basis 
for  the  design  of  a  multirange  potentiometer  suitable  for  the  above  purposes. 
The  potentiometer  which  will  be  described  has  6  ranges,  and  when  used  with  the 
group  of  10  thermocouples  provides  6  ranges  of  temperature  difference;  namely, 
from  0°  to  0.1°,  0.2°,  0.5°,  1°,  2°,  and  5  ,  respectively,  corresponding  in  each 
case  to  a  deflection  of  the  pointer  of  100  divisions,  readable  by  estimation  to  0.1 
division.  The  potentiometer  is  readily  adaptable  to  read  directly  in  microvolts 
or  in  temperature  difference,  as  may  be  preferred.  For  the  particular  application 
for  which  it  was  designed,  it  was  desired  to  avoid  entirely  the  use  of  the  curves 
or  tables  which  are  necessary  when  the  readings  are  in  microvolts,  and  it  was 
therefore  arranged  to  read  directly  in  temperature  difference. 


By  H.  B.  Brooks  and  A.  W.  Spinks 
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I.  INTRODUCTION 

In  the  work  of  isolating  particular  hydrocarbons  from  petroleum 
by  fractionation  it  became  necessary  to  measure  the  difference  be- 
tween the  boiling  points  or  the  freezing  points  of  two  nearly  identical 
liquids  with  a  precision  which  could  be  very  moderate  when  the 
boiling  points  differed  by  several  degrees,  but  which  had  to  be  much 
greater  as  the  two  boiling  points  approached  equality.  For  example, 
if  the  difference  in  boiling  points  was  only  0.001°  C,  it  was  desired  to 
determine  it  within,  say,  0.0001°  C.  If  the  boiling  points  differed  by 
0.1°  C,  a  measurement  of  the  difference  to  about  0.001°  C.  would 
suffice,  and  so  on  for  still  larger  differences.  The  requirements  were 
such  that  some  form  of  electric  thermometer  was  evidently  needed, 
and  the  thermocouple  was  chosen  as  being  well  suited  to  the  purpose. 
To  obtain  an  adequate  value  of  thermal  emf  with  the  very  small 
temperature  differences  to  be  measured  a  group  of  10  copper-constan- 
tan  couples  in  series  was  used.  It  was  decided  to  cover  a  range  of 
temperature  differences  up  to  5°  C,  and  to  be  able  to  detect  a  change 
of  0.0001°  C.  when  measuring  temperature  differences  of  0.1°  C.  or 
lower.  This  reauired  that  the  parasitic  emf  in  the  potentiometer  to 
be  used  should  De  well  below  0.04  pv,  even  under  relatively  severe 
thermal  conditions.  It  was  felt  that  no  potentiometer  was  commer- 
cially available  in  which  the  extreme  precautions  necessary  to  secure 
this  result  had  been  taken;  furthermore,  it  was  desired  that  the 
potentiometer  should  be  capable  of  ready  adaptation  to  make  it 
read  directly  in  temperature  difference  rather  than  in  a  unit  of  elec- 
tromotive force.  For  these  reasons  the  design  of  a  special  poten- 
tiometer was  undertaken. 

II.  PRINCIPLE  OF  OPERATION 

In  announcing  his  development  of  the  "compensation"  process 
which  forms  the  basis  of  the  art  of  potentiometry,  Poegendorff  1 
described  what  he  called  the  "first  method"  and  the  "second  method." 
The  first  method  was  taken  up  with  great  interest  by  other  workers, 
and  has  resulted  in  a  long  line  of  potentiometers,  embodying  many 
ingenious  ideas  to  extend  the  range  and  increase  the  precision  of 
measurements.  The  underlying  idea  of  the  first  method  is  the 
balancing  of  the  unknown  emf  by  an  equal  potential  difference  which  is 
adjusted  by  changing  the  value  of  resistance  between  two  tap-off 
points  on  a  circuit  in  which  a  current  is  maintained  constant  at  a 
preassigned  standard  value. 

During  all  of  this  active  development  of  the  first  method,  Poggen- 
dorff's  second  method  was  almost  forgotten.  It  was  used  in  1896  by 
Holman,*  who  merely  assembled  stock  pieces  of  apparatus  for  the 
purpose.  The  first  recorded  development  of  Poggendorff's  second 
method  into  a  definite  instrument  for  specific  appUcations  appears  to 
have  been  made  by  Iindeck  and  Rothe  3  at  the  Keichsanstalt  in  1899. 
The  instrument  was  developed  with  the  cooperation  of  Siemens  and 
Halske,4  who  placed  it  on  the  market. 

1  J.  C.  Poggendorff,  Ann.  der  l'hysik  und  Cbemie,  vol.  54,  p.  101,  1841. 

*  Holman,  LawTcnw,  and  Burr,  Proc.  Am.  Acad.  Arts  and  Bel.  vol.  31,  pp.  218-233,  1S9V06. 

'  Lindeck  and  Rothe,  Zeitschrlft  fur  Inslrumentenkunde,  vol  20,  pp.  203-299,  1900;  foreshadowed  in  the 
annual  report  of  the  Reichsunstalt,  ibid.,  vol.  19,  p.  249, 1899.   Hoffmann  and  Rothe,  ibid.,  vol.25,  pp.  273-278, 
190S,  described  a  recording  potentiometer  developed  from  the  Lindeck-Rotbe  potentiometer,  using  th 
deflect  ion-potentiometer  principle. 

«  Keinath,  Elektrlsche  TomperuturmessKerttte,  1923  edition,  pp.  30-31. 
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In  Poggendorff's  second  method  the  adjustment  of  the  controllable 
potential  difference  was  effected  by  changing  the  value  of  the  current 
through  a  circuit  while  the  resistance  between  the  two  tap-off  points 
remained  constant.  This  method  requires  the  use  of  an  instrument 
which  will  measure  a  direct  current  of  any  value  between  zero  and  a 
given  maximum  value;  that  is,  ordinarily,  an  ammeter.  Herein  lies 
the  chief  limitation  of  the  method,  for  an  ordinary  ammeter  can  be 
read  to  a  precision  of  only  about  0.001  of  the  full-scale  value,  and 
the  total  error  resulting  from  inaccuracy  of  marking  of  the  scale, 
imperfect  elasticity  of  the  springs,  etc.,  in  a  good  instrument  may  be 
assumed  to  be  several  times  this  value.  At  the  start,  therefore, 
one  must  reckon  with  this  limitation,  and  apply  the  second  method 
only  where  its  limited  absolute  accuracy  is  sufficient.  When  this  is  the 
case  the  second  method  offers  the  following  noteworthy  advantages: 
(a)  With  a  given  ammeter,  any  number  of  ranges  in  any  desired 
relation  to  each  other  may  be  readily  obtained  by  providing  a  corre- 
sponding number  of  tap-off  points;  (6)  sliding  contacts  being  absent 
from  the  measurement  circuit,  parasitic  emf  can  be  excluded  to 
almost  any  desired  degree;  and  (c)  since  one  has  liberty  of  choice  of  both 
the  /  and  the  R  which  by  their  product  give  the  desired  potential 
difference  the  "internal  resistance"  of  the  potentiometer  may  in 
principle  be  made  as  low  or  as  high  as  desired  by  choosing  an  ammeter 
of  corresponding  range. 

Two  possible  misconceptions  regarding  potentiometers  of  the 
Lindeck-Rothe  type  should  be  avoided.  The  first  is  that  they  are 
"deflection  potentiometers."  This  is  not  correct  because  in  the 
deflection  potentiometer,  properly  so  called,  an  unbalanced  part  of  the 
unknown  emf  occasions  the  observed  deflection  of  the  indicating 
instrument,  which  is  directly  in  the  measurement  circuit.  In  the 
Lindeck-Rothe  potentiometer  the  deflection  is  all  occasioned  by  a 
current  from  an  auxiliary  source,  and  all  of  the  unknown  emf  is  balanced 
by  the  IR  drop  in  the  potentiometer,  hence  no  current  flows  through 
the  source  of  the  unknown  emf.  The  other  possible  erroneous  idea 
is  that  the  apparatus  is  not  a  potentiometer,  because  the  entire  result 
of  the  measurement  depends  on  a  deflection,  and  no  standard  cell  is 
used.  A  potentiometer  may  be  broadly  defined  as  an  instrument 
for  measuring  an  unknown  potential  difference  by  balancing  it,  in 
whole  or  in  part,  against  a  known  potential  difference  produced 
by  the  passage  of  known  currents  through  a  network  of  known 
electrical  constants.  Where  the  usual  types  of  potentiometer 
produce  this  adjustable  potential  difference  by  means  of  an  adjustable 
value  of  resistance  and  a  current  of  fixed  value  which  is  frequently 
checked  by  reference  to  a  standard  cell,  the  Lindeck-Rothe  potentiom- 
eter utilizes  a  fixed  resistance  and  an  adjustable  current  which  is 
checked  less  exactly  and  much  less  frequently,  namely,  when  the 
accuracy  of  the  miluammeter  is  checked  by  reference  to  a  resistance 
standard  and  a  standard  cell. 

III.  BASIS  FOR  DESIGN 

In  practice  the  auxiliary  current  for  a  Lindeck-Rothe  potentiometer 
will  be  supplied  by  some  form  of  battery,  and  should  therefore  be 
kept  down  to  moderate  values.  While  storage  cells  are  much  used 
with  potentiometers,  they  have  some  objectionable  features  which 
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make  the  use  of  dry  cells  attractive.  This  suggests  the  use  of  currents 
not  exceeding  a  few  hundredths  of  an  ampere,  a  suggestion  which  is 
fortified  by  the  fact  that  the  accuracy  of  direct-current  milliammeters 
in  which  the  entire  current  to  be  measured  flows  through  the  moving 
coil  is  almost  independent  of  changes  of  the  instrument  temperature.8 

In  the  present  case  the  current  to  give  full-scale  deflection  of  the 
miliiammeter  could  be  conveniently  given  the  value  10  milliamperes. 
To  produce  a  potential  difference  of  2,000  /*v,fl  this  current  must  flow 
through  a  resistance  of  0.2  ohm,  a  value  which  is  negligible  in  com- 
parison with  the  resistance  of  the  group  of  thermocouples,  namely, 
about  50  ohms.  Considerations  of  speed  of  working  required  that 
the  galvanometer  to  be  used  should  be  critically  (or  slightly  under) 
damped  with  this  latter  resistance  across  its  terminals.7 

The  galvanometer  selected  has  a  nominal  coil  resistance  of  12  ohms, 
is  critically  damped  with  an  external  resistance  of  40  ohms,  has  a 
sensitivity  of  5  mm  (at  1  m)  per  microvolt  with  this  external  resist- 
ance and  a  complete  period  of  five  seconds.  It  is  constructed  in  such 
a  way  as  to  be  relatively  Iree  from  parasitic  emf,  but  because  of  the 
very  stringent  requirements  of  the  problem,  the  potentiometer  was 
provided  with  means  for  readily  detecting  any  parasitic  emf  in  the 
galvanometer  and  for  neutralizing  its  effect.  Although  the  parasitic 
emf  compensator  can  also  be  used  to  neutralize  the  effect  of  parasitic 
emf  within  the  potentiometer,  it  was  considered  much  better  to  sim- 
plify the  manipulation  by  keeping  such  internal  parasitic  emf  below 
the  limit  of  detection,  even  at  the  expense  of  extraordinary  pre- 
cautions in  design,  materials,  and  construction. 

IV.  CONSTRUCTION 
L  PLAN  OF  CIRCUITS 

Figure  1  illustrates  the  principle  of  operation  of  the  potentiometer 
and  Figure  2  shows  the  plan  of  circuits  used.  In  Figure  2,  a  resistor 
Rn  of  manganin  strip  8  is  provided  with  nine  taps,  of  which  the  two 
outside  ones  are  used  as  potential  leads.  A  current  from  the  dry  cell 
B2,  controlled  by  the  coarse  rheostat  R&  and  the  fine  rheostat  Rif  flows 
through  the  slide  rheostat  Rn,  the  shunted  miliiammeter  MA,  the 
current-limiting  resistor  i?6,  the  reversing  switch  Si,  then  through  the 
manganin  resistor  i?13,  entering  at  the  common  point  C  and  leaving 
at  one  of  the  six  taps  connected  to  the  studs  of  the  range-changing 
switch  Si.  The  values  of  the  4-terminal  resistance  of  Ri3  for  the  six 
positions  of  this  switch  are  (from  left  to  right)  0.004,  0.008,  0.02, 
0.04,  0.08,  and  0.2  ohm. 

•  This  independence  of  temperature  changes  depends  on  toe  facts  (1)  that  no  change  in  distribution  of  the 
measured  current  between  the  moving  coil  and  a  shunt  circuit  can  occur  as  a  result  of  temperature  change; 
(2)  that  the  small  temperature  coefficient  of  magnetic  flux  density  in  the  air  gap  (about  0.01  to  0.03  per  cent 
per  degree  C.)  tends  to  offset  a  temperature  coefficient  of  rigidity  of  the  springs,  which  is  about  0.04  per  cent 
per  degree  O. 

Although  the  requirements  of  the  present  case  made  it  necessary  to  use  a  shunt  around  the  moving  coil, 
it  was  possible  to  give  the  shunt  a  value  of  temperature  coefficient  which  reduced  the  temperature  coefficient 
of  the  instrument  (as  a  miliiammeter)  to  zero. 

•  These  nominal  values  of  current  and  potential  difference  would  correspond  to  the  use  of  the  actual 
group  of  thermocouples  in  baths  at  a  mean  temperature  of  about  22°  C.  As  explained  further  on,  the  milii- 
ammeter was  provided  with  a  continuously  adjustable  Ayrton-Mather  shunt  which  increased  the  total 
current  for  full-scale  deflection  to  values  between  the  limits  10.57  and  14.76  milliamperes,  corresponding  to 
the  rate  of  change  of  thermal  emf  with  temperature  at  mean  bath  temperatures  of  50°  and  300°  C,  respec- 
tively. 

7  This  criterion  is  the  one  to  be  used  in  selecting  a  moving-coil  galvanometer  for  a  specific  application, 
rather  than  the  old  rule,  still  quoted  occasionally,  that  the  galvanometer  resistance  and  the  resistance  of  the 
circuit  to  which  it  is  connected  should  be  as  nearly  equal  as  practicable. 

•  This  strip  was  three-sixteenths  inch  wide,  25  mils  thick,  and  was  about  6  feet  long. 
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The*  potential  difference  between  the  ends  of  the  resistor  Rn  is 
opposed,  through  a  galvanometer,  to  the  emf  of  the  thermocouples, 
the  terminals  of  which  are  brought  to  the  binding  posts  A  and  B. 
In  the  lead  from  the  left-hand  end  of  the  resistor  Rlt  to  the  binding 
post  A  are  included  three  keys,  two  having  the  protective  resistors 
Ri  and  i?2.  The  lead  from  the  right-hand  end  of  the  manganin  resistor 
to  one  of  the  galvanometer  binding  posts  includes  the  copper  rheostat 

ATC 


R 

wyvyvyvywvy 


i — wwww- 
R'*  


Figure  1. — Diagram  illustrating  the  principle  of 
Hon  of  the  multirange  potentiometer 

The  emf  developed  In  the  thermocouple  TCls  balanced  by  the  drop  of 
potential  produced  in  the  resistor  R  by  the  current  from  a  battery  B. 
Thus  current  is  adjusted  by  the  rheostat  ff  and  measured  by  the 
shunted  milliammeter  A, 

R3  forming  part  of  the  parasitic  emf  compensator.  A  very  small 
current  from  a  flashlight  cell  B\  may  be  made  to  flow  in  either  direction 
through  any  part  of  fi8  from  zero  up  to  one-half  of  Rz.  Depression  of 
the  key  marked  "Shunt  off  "  opens  a  shunt  circuit  across  the  galvanom- 
eter, namely,  a  copper  resistor,  Rl2  with  taps  at  30,  40,  60,  and  80 
ohms.  As  much  of  this  coil  is  used  as  will  make  the  motion  of  the 
galvanometer  coil  critically  damped  when  the  keys  Ru  it*a,  0  are  open. 
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The  function  of  the  reversing  switch  Si  is  to  change  the  sign  M  the 
potential  difference  between  the  ends  of  the  resistor  Rn  to  take  care 
of  the  fact  that  either  of  the  two  baths  of  liquid  may  on  occasion  be 
the  hotter.  The  fixed  resistance  R7  and  the  slide  rheostat  i?8  con- 
stitute the  continuously  adjustable  Ayrton-Mather  shunt  to  the 
rnilliammeter. 

2.  MAIN  RESISTOR 

The  junctions  of  the  copper  potential  leads  with  the  ends  of  the 
manganin  strip  constitute  a  possible  source  of  disturbing  thermal 
emf."  It  was  necessary  to  take  such  precautions  in  the  design  and 
construction  of  this  resistor  as  would  insure  that  the  two  end  junctions 
of  manganin  with  copper  would  not  differ  in  temperature  by  more  than 
a  few  thousandths  of  a  degree.  This  severe  requirement  was  met  by 
the  combination  of  a  number  of  expedients.  As  shown  in  Figure  3, 
the  manganin  strip  was  reflexed  in  circular  fashion  around  two  circles 


A     D  G'lV 


Figure  2. — Diagrammatic  plan  of  circuits  of  multirange  potentiometer 


of  bakelite  pegs  set  in  a  bakelite  plate;  several  thicknesses  of  Ke-inch 
felt  separated  the  strip  from  the  plate  to  increase  the  thermal  insula- 
tion of  the  strip.  The  ends  of  the  strip  were  brought  in  radially  to 
the  center  of  the  circle,  electrically  insulated  from  each  other  by  mica, 
but  in  good  thermal  contact.  A  layer  of  thin  felt  was  placed  over  the 
strip,  and  the  nine  copper  tap  wires  were  wound  several  times  around 
the  outer  circle  of  bakelite  pegs,10  then  covered  with  two  additional 
layers  of  felt  and  a  second  bakelite  plate  which  was  then  secured  by 
screws  through  the  corners  to  the  first  plate.  The  space  between  the 
two  bakelite  plates  was  then  filled  in  by  winding  a  narrow  strip  of  felt 
over  the  outer  circle  of  bakelite  pegs. 

Before  the  main  resistor  was  mounted  in  the  structure  just 
described,  a  similar  resistor  of  constantan,  made  and  mounted  in  this 
manner,  was  used  as  a  check.    Tests,  such  as  placing  a  can  of  water 

*  For  a  coppcr-manganin  junction  at  ordinary  room  temperature,  ibe  thermal  emf  changes  at  the  rate  of 
about  1  to  2  (tv  per  °C. 

>*  The  object  of  this  procedure  was  to  increase  the  length  of  path  along  which  heat  from  other  parts  of  tbe 
potentiometer  must  travel  in  order  to  reach  t  he  main  resistor,  and  at  tbe  same  time  to  permit  bent  exchange 
hetweeo  these  wires.  Tbe  flow  of  beat  uniformly  to  (or  from)  all  parts  of  the  main  resistor  would  have  do 
bad  effect  because  it  would  nut  cause  a  difference  of  temperature  between  the  end  junctions. 
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at  40°  C.  on  the  upper  bakelite  plate,  produced  a  thermal  emf  of  the 
order  of  a  microvolt.  This  showed  that  only  a  few  hundredths  of  a 
microvolt  would  be  developed  with  a  manganin  resistor  similarly 
treated.  To  be  on  the  safe  side,  however,  the  complete  structure, 
with  the  manganin  resistor  in  it,  was  mounted  below  the  bakelite 
top  of  the  potentiometer,  midway  between  the  bakelite  and  the  bottom 
of  the  box,  on  four  bakelite  posts  symmetrically  placed,  and  was 
covered  with  a  box  of  sheet  aluminum  0.03  inch  thick.  In  Figure  4 
the  bottom  of  this  box  has  been  removed  to  show  the  bakelite  struc- 
ture containing  the  main  resistor. 

— — — ^— —  1  ■       I  r» 


Figure  3.— Plan  view  of  main  resistor  with  upper  bakelite  plate  removed 


3.  MILLI AMMETER 

This  instrument  is  a  fan-shaped  d.  c.  milliammeter  of  a  type  pri- 
marily intended  for  switchboard  use,  modified  by  the  use  of  a  knife- 
edge  pointer,  a  parallax  mirror,  and  a  fine-line  100-division  scale  of 
the  quality  used  in  standard  portable  instruments.  The  resistance 
of  the  instrument  was  about  5  ohms  and  the  current  for  full-scale 
deflection  (before  applying  the  shunt)  was  10  milliamperes. 

4.  BATH-TEMPERATURE  SCALE 

In  the  ordinary  procedure  for  measuring  temperatures  or  tempera- 
ture differences  by  means  of  thermocouples  and  a  potentiometer,  the 
latter  is  usually  graduated  to  read  in  terms  of  a  unit  of  emf  (millivolt 
or  microvolt)  and  its  readings  are  subsequently  translated  into  tern- 
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peratures  (or  temperature  differences)  with  the  help  of  curves  or  tables 
for  the  particular  couples  used.  In  the  present  case,  it  was  desired 
to  be  able  to  adapt  the  potentiometer  to  read  directly  in  temperature 
difference  for  a  given  group  of  couples.  To  determine  the  electrical 
conditions  whicn  must  be  satisfied  to  obtain  this  result,  one  must 
start  with  the  temperature-emf  relation  of  the  couples  used.  A 
sample  couple  made  of  the  same  wires  as  the  10  couples  to  be  used  was 
certified  as  having  the  following  relation: 

E=  38.062  T+  0.04457  T  -  0.0000288  Tl 

where  E  is  the  emf  in  microvolts  and  T  is  the  temperature  of  one  of 
the  junctions  in  degrees  C,  the  other  junction  being  at  0°  C.  It  was 
assumed  that  a  similar  equation,  with  numerical  coefficients  ten 
times  greater,  applied  with  sufficient  accuracy  to  the  group  of  couples 
to  be  used.  If  the  curve  of  the  above  equation  be  plotted  between 
T=0°  and  T=300°,  its  slope,  dEfdT,  will  be  seen  to  increase  with  T 
throughout  this  range.  In  order  that  the  potentiometer  shall  indicate 
small  temperature  differences  directly  for  mean  bath  temperatures  in 
the  region  50°  to  300°  C,  some  means  of  adjustment  must  obviously 
be  incorporated  which,  when  set  to  a  given  mean  bath  temperature, 
will  make  the  current  through  the  manganin  resistor  for  anv  given 
reading  of  the  indicator  proportional  to  dE/dT.  Differentiating  the 
expression  for  E  gives  the  equation 

38.062  +  0.08914  T- 0.0000864  T2 

Using  this  formula,  values  of  dE/dT  were  computed  for  T=50°, 
60°,  .  .  .  300°.  They  ranged  from  42.303  microvolts  per  degree  at 
50°  to  57.028  microvolts  at  300°. 

Taking  the  lowest  range,  0  to  0.1°,  for  example,  for  which  the 
4-terminal  resistance  of  the  corresponding  section  of  the  main  resistor 
jBis  is  0.004  ohm;  if  the  full-scale  current  of  the  unshuntcd  milliam- 
meter  is  passed  through  this  section  the  potential  difference  at  the 
potential  terminals  of  Rn  will  be  0.004X0.01  =  0.00004  volt  =  40  mv. 
This  is  equal  to  the  thermal  emf  of  the  particular  group  of  thermo- 
couples when  the  temperature  difference  between  the  two  sets  of 
junctions  is  0.1°  C.  and  their  mean  temperature  is  22.2°  C,  and 
consequently  for  these  conditions  the  full-scale  deflection  of  the 
milli ammeter  corresponds  to  0.1°  C.  temperature  difference.  As  the 
mean  bath  temperature  increases  from  22.2°  to  300°  C.  the  value  of 
dE/dT  increases  continuously  from  40  mv  per  degree  to  57.028  >xv  per 
degree.  Therefore,  the  current  which  must  be  passed  through  any 
section  of  the  main  resistor  Rl3  to  give  a  difference  of  potential  equal 
to  the  thermal  emf  of  the  couples,  for  a  given  temperature  difference, 
must  be  greater  than  10  milhamperes  by  a  factor  which  is  equal  to 
dE/dT  for  the  given  temperature  divided  by  that  for  22.2°  C,  namely 
40  /liv  per  degree.  Thus  for  a  mean  bath  temperature  of  50°  a  shunt 
must  be  connected  across  the  milliammeter  to  increase  the  full-scale 
current  of  the  shunted  instrument  by  the  factor  42.303/40;  that  is,  to 
10.576  milliamperes;  for  a  mean  bath  temperature  of  300°  the  current 
for  full-scale  deflection  must  be  10  nulliamperes  multiplied  by  the 
factor  57.028/40;  that  is,  14.257  milliamperes;  and  similarly  for 
intermediate  values  of  mean  bath  temperature.   This  object  was 
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Fiourk  4. — Structure  of  mtiUirange  potentiometer  ax  .teen  from  below  the  bake- 

lite  top 

Part  of  the  aluminum  thermal  shield  baa  liwn  removed  from  the  main  resistor  (center)  ami  from  the 
key  marked  0  (near  lower  riKht-han<)  corner  of  main  re>istor). 


Fna  itF.  5.     Plan  view  of  multirange  potentiometer 
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readily  attained  by  a  continuously  adjustable  shunt  of  the  Ayrton- 
Mather  type"  connected  to  the  terminals  of  the  milliammeter. 
This  shunt  is  shown  diagrammatically  in  Figure  2  as  consisting  of  a 
fixed  resistor  R7  in  series  with  the  winding  of  a  circular  slide  rheostat 
i?9,  the  two  being  connected  to  the  terminals  of  the  milliammeter. 
The  current  enters  by  the  slider  of  Rs  and  divides  between  the  two 
parallel  paths.  As  the  slider  is  moved  toward  the  left,  the  total 
current  for  full-scale  deflection  of  the  milliammeter  increases.  A 
pointer  attached  to  the  slider  may  therefore  indicate  on  a  fixed  scale 
either  the  corresponding  value  of  dE/dT  in  microvolts  per  degree  or 
the  mean  bath  temperature.  The  former  would  be  preferable  in 
general  because  it  would  facilitate  the  use  of  the  potentiometer  with 
any  thermocouple  for  which  the  value  of  dE/dT  under  the  conditions 
of  use  fell  within  the  range  of  the  scale.  In  the  present  instrument, 
however,  it  was  desired  to  avoid  entirely  the  use  of  tables  and  curves, 
and  the  scale  was  accordingly  marked  in  terms  of  mean  bath  tempera- 
ture for  the  particular  set  of  copper-constantan  thermocouples 
which  had  already  been  made.  Attention  is  called  to  the  fact  that 
the  scale  divisions  were  engraved  on  a  disk  which  is  an  integral  part 
of  the  knob  of  the  circular  slide  rheostat  which  performs  the  function 
of  R8  in  Figure  2,  and  only  a  fiducial  mark  was  engraved  in  the 
bakehte  top.  (See  figure  5.)  If  for  any  reason  the  original  set  of 
couples  i3  to  be  replaced  by  another,  a  new  scale  may  be  engraved  on 
the  disk,  which  may  be  readily  removed  for  the  purpose.  If  desired, 
the  scale  of  bath  temperature  could  be  replaced  by  another  scale 
reading  values  of  dE/dT  in  microvolts  per  degree. 

If  the  circular  slide  rheostat  i?8  were  of  the  ordinary  type  in  which 
the  rate  of  change  of  resistance  with  respect  to  rotation  is  approxi- 
mately constant,  the  bath-temperature  scale  would  be  open  at  one 
end  and  crowded  at  the  other  because  of  the  quadratic  form  of  the 
relation  between  dE/dT  and  T.  It  was  possible  to  obtain  a  nearly 
linear  scale  by  using  a  circular  slide  rheostat  in  which  the  resistance 
wire  is  wouna  on  a  tapered  strip  of  sheet  insulating  material,  giving  a 
quadratic  relation  between  the  resistance  and  the  angle  of  rotation. 
The  close  approach  to  a  linear  bath-temperature  scale  which  was 
obtained  may  be  seen  from  Figure  5,  in  which  the  dial  at  the  upper 
left-hand  corner  of  the  potentiometer  is  the  one  to  be  set  to  the  mean 
bath  temperature.  The  scale  was  laid  out  by  adjusting  the  current 
through  the  shunted  milliammeter  successively  to  the  computed  values 
of  current  for  full-scale  deflection  for  bath  temperatures  of  50°,  60°, 
.  . .  300°,  and  turning  the  knob  of  the  bath-temperature  rheostat  until 
the  pointer  of  the  milliammeter  came  to  the  full-scale  mark.  For 
each  such  adjustment  a  mark  was  drawn,  opposite  the  fiducial  mark,  on 
the  scale  disk  which  moves  with  this  knob.  The  10°  lines  were  then 
engraved,  with  5°  lines  spaced  midway  between  them.  The  results  of 
a  test  to  check  the  correctness  of  the  resulting  scale  are  given  in  a  later 
section  of  this  paper. 

The  current-regulating  rheostats  i?4  and  R6  operate  properly  only 
if  the  resistance  of  the  circuit  beyond  them  (that  is,  connected  be- 
tween the  slider  of  R4  and  that  of  R&)  is  substantially  constant.  The 
effect  of  moving  the  slider  of  i?8  to  the  left  is  to  increase  the  resultant 
resistance  of  the  milliammeter  and  its  shunt,  and  the  tapered  slide 

"  Ayrton  and  Mathw,  J.  Inst.  Elecl.  Engrs.  (London),  vol.  23,  p.  314, 1894. 
145879—32  6 
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rheostat  Rn,  connected  as  shown,  compensates  for  this  change  and 
maintains  a  substantially  constant  resistance  in  the  circuit  beyond 
the  sliders  of  RA  and  Rs. 

5.  GALVANOMETER  KEYS 

In  the  effort  to  reduce  parasitic  emf  in  the  "measurement  circuit" 
to  a  value  below  the  limit  of  detection,  particular  attention  was  given 
to  some  of  the  keys  which  had  to  be  used.  These  keys  must  be 
operated  frequently;  they  must  contain  contact  points  of  metals  or 
alloys  nobler  than  copper  because  the  latter  is  subject  to  corrosion; 
heat  from  the  observer's  hand  will  flow  to  the  contact  points  through 
the  key  spindle ;  and  heat  is  developed  at  the  contact  points  by  their 
mutual  friction.  In  many  ways  the  problem  of  avoiding  parasitic 
emf  in  the  keys  is  much  more  difficult  than  in  the  main  resistor,  which 
has  no  moving  parts  and  can  be  thermally  shielded  to  any  desired 
degree. 

Referring  to  Figure  2,  it  will  be  seen  that  there  are  four  keys  in  the 
galvanometer  circuit.  Of  these,  the  ones  marked  Rx  and  R2  may  be 
of  ordinary  construction  because  they  are  used  only  in  obtaining  an 
approximate  balance  between  the  emf  to  be  measured  and  the  adjust- 
able potential  difference  developed  within  the  potentiometer.  The 
"working  microvolt  sensitivity  "  12  with  either  /?•  or  R2  m  circuit  is  too 
low  to  permit  the  effect  of  parasitic  emf  to  be  detected.  The  kevs 
marked  "0"  and  "Shunt  off,"  on  the  contrary,  are  in  circuit  with  the 
galvanometer  when  measurements  are  being  made;  the  total  resist- 
ance in  the  galvanometer  circuit  is  then  low  and  the  working  sensitivity 
correspondingly  high;  consequently  any  appreciable  parasitic  emf  in 
these  keys  will  cause  an  error  in  the  measurement.  The  conditions 
in  these  two  keys  are  somewhat  different.  The  key  marked  "0," 
normally  open,  is  closed  just  before  a  reading  is  taken;  that  marked 
"Shunt  off"  is  closed  until  just  after  the  key  marked  "0"  is  closed. 
Any  parasitic  emf  in  the  "Shunt-off"  key  would  cause  an  error  in  the 
zero  reading  of  the  galvanometer  while  any  such  emf  in  the  "0"  key 
would  cause  an  error  in  the  deflection.  It  was  obviously  necessary  to 
make  these  keys  so  nearly  "  thermofree " Xl  that  no  perceptible  error 
could  be  introduced  by  them.  Their  design,  materials,  and  construc- 
tion are  based  upon  the  results  of  a  series  of  experiments  which  will 
not  be  detailed  here.  If  a  galvanometer  key  be  constructed  of  ran- 
dom materials,  with  consideration  given  only  to  its  mechanical  func- 
tioning, it  is  liable  to  be  the  source  of  objectionable  thermal  emf  under 
many  conditions  encountered  in  practice.  The  production  of  a  good 
thermofree  key  14  requires  that  attention  be  given  to  three  important 
matters,  each  of  which  acts  in  its  own  way  to  minimize  the  thermal 
emf.    These  three  matters  are: 


This  term,  ordinarily  to  be  abbreviated  to  "working  sensitivity,"  bas  been  proposed  by  one  of  the  au- 
thors (B.  S.  Jour.  Research,  vol.  4,  p.  290,  1930)  to  denote  a  constant  of  importance  to  the  galvanometer 
user,  denned  as  follows:  "The  working  sensitivity  applies  only  to  the  user's  particular  problem  at  the  mo* 
ment,  and  may  be  defined  as  the  response  of  the  galvanometer  for  unit  electromotive  force  in  a  circuit 
which  includes  the  galvanometer  and  a  particular  external  circuit." 

>*  This  term  is  offered  as  an  arbitrary  short  equivalent  of  complete  but  unwieldy  expressions,  such  as 
"free  from  thermoelectric  forces,"  "thermal  emf  free,"  " thermoelectrically  neutral,"  etc.  While  it  wra 
suKgested  by  the  well-known  German  adjective  "thermokraftfrei,"  it  was  felt  unnecessary  to  include  the 
English  equivalent  of  the  syllable  "kraft." 

m  Some  makers  of  potentiometers  have  been  using  kevs  intended  primarily  for  telephone  purposes. 
Some  telephone  keys  contain  pair?  of  springs  of  very  dissimilar  alloys  (evidently  phosphor  bronze  and  nickel 
silver)  and  in  consequence  should  not  be  used  in  the  construction  of  potentiometers.  There  should  be  no 
difliculty  in  having  telephone  keys  assembled  for  the  purpose  with  none  but  bronze  springs. 
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1.  The  choice  of  materials  for  the  key  springs  and  the  contact 
points  which  are  very  close  to  copper  in  their  thermoelectric  proper- 
ties. 

2.  The  design  of  the  key  to  be  "  thermoelectrically  astatic"  with 
respect  to  heat  flow;  that  is,  so  that  all  junctions  of  dissimilar  metals 
occur  in  adjacent  pairs  so  arranged  that  a  flow  of  heat  in  any  direction 
will  set  up  nearly  equal  thermal  emf's  of  opposite  sign  in  the  circuit 
containing  the  key. 

3.  The  inclosure  of  the  key  within  a  shield  which  tends  to  maintain 
uniformity  of  temperature  of  all  parts  of  the  key  in  spite  of  heat  radia- 
tion and  conduction  to  or  from  the  shield. 

Such  a  shield  may  be  a  jacket  of  heat-insulating  material,  or  a  metal 
shield  of  high  thermal  conductivity,  or  a  multi-layer  thermal  shield 
embodying  both  these  features  repeated  as  often  as  necessary.  It  is 
clearly  useless  to  incur  expense  in  reducing  the  parasitic  emf  much 
below  a  value  which  will  produce  a  barely  perceptible  deflection  (for 
example,  0.1  mm)  of  the  galvanometer  to  be  used. 

The  plunger  for  operating  the  key  provides  a  path  along  which  heat 
may  travel  into  the  key  structure.  The  plunger  should  therefore  be 
preferably  of  material  of  low  thermal  conductivity  and  be  rounded  or 
pointed  where  it  bears  on  the  part  of  the  key  to  be  depressed;  further- 
more, special  care  should  be  taken  to  make  this  part  of  the  key 
"astatic."  If  the  use  of  metal  for  the  plunger  is  considered  essential, 
it  may  be  noted  that  either  manganin  or  constantan  is  preferable  to 
brass  because  of  their  very  much  lower  heat  conductivity. 

Keys  meeting  the  exacting  needs  of  the  present  case  have  been  made 
by  caring  for  the  three  principal  matters  as  follows:  (a)  The  use  of 
hard-rolled  copper  for  the  key  springs  and  United  States  coin  gold  16 
for  the  contact  points,  (b)  using  an  astatic  arrangement  which  will  be 
described  below,  and  (c)  inclosing  the  key  in  a  box  of  sheet  aluminum 
0.03  inch  thick. 

These  two  keys,  one  with  part  of  the  aluminum  shield  removed  to 
show  the  interior,  are  shown  in  Figure  4  near  the  lower  edge  of  the 
bakelite  top,  to  the  right  of  the  center.  To  the  right  of  them  are  the 
two  ordinary  keys,  Rx  and  R2. 

Figure  6  shows  the  construction  of  the  key  marked  0.  Two  springs 
of  hard-rolled  copper,  separated  by  a  sheet  of  mica,  are  clamped  at 
one  end  between  bakelite  blocks  and  carry  gold  contact  disks  at 
their  free  ends.  Above  these  contacts  is  a  transverse  half-cylindrical 
gold  contact  piece  soldered  to  the  lower  surface  of  a  block  of  copper 
which  is  secured  to  a  flat  phosphor-bronze  spring  by  blocks  of  bakelite 
used  for  thermal  rather  than  electrical  insulation.  The  plunger 
through  which  the  bronze  spring  is  depressed  is  of  bakelite  to  retard 
the  flow  of  heat  from  the  observer's  hand.  However,  even  if  an 
appreciable  amount  of  heat  did  flow  through  the  plunger,  the  construc- 
tion of  the  key  is  thermally  astatic  to  such  a  high  degree  that  the 
development  of  an  appreciable  thermal  emf  would  be  almost  impos- 
sible. Heat  entering  the  bronze  spring  by  wav  of  the  plunger  will 
flow  in  part  to  the  left,  where  a  thick  block  of  bakelite  impedes  its 


strap  will  be  slightly  raised  above  that  of  the  lower  strap,  the  adjacent 
junctions  to  connecting  wires  are  of  hard-rolled  copper  to  soft  copper, 

»»  This  alloy  is  composed  of  gold  90  parts,  copper  10  parts,  and  has  a  thermal  emf  against  copper,  at  room 
turn p*nu are,  of 2. 2  *v  per  0  C. 


flow  to  the  upper  copper 
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for  which  combination  the  thermal  emf  is  very  small,  namely,  about 
0.25  nv  per  °C. 

Heat  flowing  to  the  right  through  the  bronze  spring  is  retarded  by 
the  block  of  bakelite  between  the  spring  and  the  massive  copper 
block.  Because  of  the  symmetrical  construction  there  will  be  no 
tendency  for  unequal  heating  of  the  copper  block;  and  even  if  heat 
did  enter  the  upper  surface  of  the  copper  Mock  in  a  nonuniform  man- 
ner, the  high  thermal  conductivity  of  the  copper  and  the  small  rate  of 
heat  transfer  would  maintain  a  very  high  degree  of  temperature 
uniformity  in  the  copper  and  therefore  in  the  transverse  gold  contact 
piece  soldered  to  it.  Heat  will  flow  from  this  contact  piece  to  the  gold 
contact  disks  in  the  free  ends  of  the  hard-rolled  copper  springs. 
However,  this  part  of  the  key  is  astatic  to  heat  flow  in  the  vertical 
direction  because  a  current  in  the  circuit  which  is  closed  bv  the  key 
flows  up  to  the  transverse  gold  contact  piece  on  one  side  and  down  on 
the  other.  Any  thermal  emf  in  one  of  the  copper-gold  junctions  will 
thus  be  balanced  by  an  equal  and  opposing  emf  in  the  other  junction. 


Figure  7. — Keys  illustrating  poor  design  (left)  and  mediocre  design  ( right) 
as  regards  the  liability  to  thermal  emf 

In  contrast  to  this  key,  Figure  7  shows  diagrammatically  two 
constructions  which  are  not  thermally  astatic.  The  key  at  tne  left 
has  the  junctions  A  and  B  as  far  apart  as  possible,  and  is  consequently 
not  astatic  as  to  lateral  heat  flow.  The  key  at  the  right  is  free  from 
this  objection,  but  neither  key  is  astatic  as  to  vertical  heat  flow. 


The  parasitic  emf  compensator,  shown  diagrammatically  as  R3  in 
Figure  2,  is  shown  in  Figure  4  just  above  the  two  ordinary  keys.  It  is 
merely  a  circular  slide  rheostat  as  used  in  radio  apparatus  but  with  the 
resistance-alloy  winding  replaced  by  one  of  copper  wire.  The 
material 14  of  which  the  sliding  contact  lever  is  made  is  of  no  conse- 
quence thermoelectrically. 

The  manner  of  using  the  parasitic  emf  compensator  may  be  under- 
stood by  reference  to  Figure  2,  which  shows  that  when  none  of  the 
four  keys  is  depressed  the  tapped  copper  coil  Ri2  is  across  the  terminals 
of  the  galvanometer.  Assuming  that  the  slider  of  Rl3  is  at  the  central 
point  of  its  winding  (or  that  the  switch  in  series  with  the  cell  Bi  is 
open),  any  parasitic  emf  in  the  galvanometer  will  maintain  a  deflection. 
When  the  "Shunt  off"  key  is  depressed,  the  galvanometer  coil  will 
come  to  its  true  zero  position,  revealing  by  its  motion  the  fact  that 
an  unwanted  emf  exists  in  the  galvanometer  circuit.  With  the 
switch  S4  closed,  the  slider  of  R3  may  be  moved  until  a  position  is 

'•An  Interesting  experience  illustrates  the  necessity  for  groat  caution  in  the  construction  of  highly  thermo- 
free  apparatus.  The  complete  potentiometer,  exposed  to  heat  radiation  from  a  slide  rheostat  10  inches 
away,  dissipating  300  watts,  showed  a  parasitic  emf  of  0.2  pv.  Careful  search  revealed  that  a  strip  of  metal, 
forming  a  lug  to  which  one  end  of  the  copper  winding  of  the  compensator  had  been  soldered,  was  of  bronie 
instead  of  copper  as  had  been  assumed.  After  this  strip  had  been  replaced  with  one  of  copper,  the  parasitic 
emf  with  the  radiation  test  aboro  described  dropped  to  about  one-tenth  of  Its  previous  value. 


B 


B 


6.  PARASITIC  EMF  COMPENSATOR 


Digitized  by  Google 


sjX**]  Mvltirange  Potentiometer  793 

found  for  which  the  galvanometer  coil  does  not  move  when  the  "Shunt 
off"  key  is  opened  or  closed.  In  this  condition  the  parasitic  emf  in 
the  galvanometer  is  just  annulled  by  an  equal  and  opposite  potential 
difference  in  the  copper  winding  of  the  compensator. 

The  resistor  Ri0  in  series  with  the  cell  B\  has  a  resistance  of  50,000 
ohms.  It  is  of  the  "wire-wound"  type  developed  in  recent  years  for 
radio  purposes,  and  may  be  easily  removed  from  holding  clips  if  a 
change  in  the  value  of  this  resistance  is  desired.  The  greater  the  para- 
sitic emf  found  in  the  galvanometer  by  actual  use,  the  lower  this 
resistance  must  be,  but  it  is  desirable  not  to  make  it  much  lower  than 
necessary.  The  current  taken  from  the  flashlight  cell  is  so  small  as 
to  have  no  appreciable  effect  on  the  life  of  the  cell,  and  the  only  reason 
for  providing  the  switch  S4  for  opening  the  circuit  of  this  cell  is  to 
provide  a  ready  means  of  annulling  the  small  compensating  emf  set 
up  by  the  parasitic  emf  compensator,  without  altering  the  position  of 
the  slider. 

7.  MISCELLANEOUS  DETAILS 

When  the  temperature  difference  between  the  baths  A  and  B 
changes  sign  the  direction  of  the  thermal  emf  to  be  measured  reverses. 
One  way  to  meet  this  situation  would  be  to  provide  a  reversing  switch 
between  the  leads  from  the  couples  and  the  potential  taps  from  the 
ends  of  the  manganin  resistor  (See  fig.  2.)  This  would  require 
that  the  reversing  switch  be  highly  thermofree.  A  better  method  was 
used,  which  is  shown  in  Figure  2,  namely,  the  reversing  switch  Si  is 
placed  in  the  wires  which  carry  the  adjusted  current  from  i?4  and  i?8 
to  the  main  resistor.  Parasitic  emf  in  the  switch  can  do  no  harm 
whatever  with  this  arrangement.  Above  the  bakelite  top  the  two 
positions  of  this  switch  are  marked  "A  higher"  and  "B  higher," 
respectively,  A  and  B  being  the  designations  of  the  two  baths  of 
liquids. 

The  dry  cells  B\  and  B2  are  contained  in  metal  receptacles  within 
the  potentiometer.  There  is  a  door  in  the  back  of  the  potentiometer 
box  which  does  not  appear  in  Figure  5  and  which  gives  access  to  the 
cells  and  to  four  copper  binding  posts.  These  posts  are  supported  on 
a  small  bakelite  panel  attached  to  the  bakelite  top,  as  shown  near 
the  top  of  Figure  4.  As  a  precaution  against  possible  differences  of 
temperature  among  the  four  wires  which  come  from  the  couples  and 
the  galvanometer  to  these  binding  posts,  the  two  insulated  wires  from 
the  couples,  twisted  together,  enter  the  rear  wall  of  the  box  and  pass 
through  a  copper  tube  which  extends  to  a  point  near  two  of  the 
binding  posts;  and  the  pair  of  wires  from  the  galvanometer  pass 
through  a  similar  tube.  Any  difference  of  temperature  between  the 
two  wires  of  either  pair  will  be  equalized  by  their  thermal  contact 
with  each  other  and  with  the  tube. 

Near  the  middle  of  the  small  bakelite  panel  are  mounted  two  pairs 
of  jacks  for  disconnecting  the  dry-cell  leads  when  the  bakelite  top  is 
to  be  removed  from  the  box.  Below  the  binding-post  panel  (fig.  4) 
are  the  two  single-pole  switches  Si  and  £5  of  Figure  2,  for  opening 
the  circuits  of  the  two  dry  cells. 

When  the  potentiometer  was  under  test  for  freedom  from  thermal 
emf  during  the  winter  some  difficulty  was  experienced  because  of  elec- 
trostatic effects.  For  example,  the  galvanometer  was  found  to  deflect 
when  the  observer  rubbed  his  shoes  on  the  dry  floor  while  his  hands 
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were  on  the  galvanometer  keys.  These  difficulties  were  overcome  by 
shielding  as  indicated  in  Figure  2,  in  which  the  dotted  lines  L  and  M 
denote  two  brass  angle  plates  for  supporting  some  of  the  resistors  at 
the  sides  of  the  potentiometer  (see  ng.  4)  and  the  dotted  outlines 
around  Rlt  and  the  keys  marked  0  and  "Shunt  off"  denote  the  alumi- 
num thermal  shields.  These  five  metal  structures  were  connected 
together  and  to  the  right-hand  galvanometer  binding  post  as  shown 
by  the  dotted  lines.  It  was  also  necessary  to  shield  the  leads  from 
the  potentiometer  to  the  galvanometer  by  inclosing  them  in  a  metal 
tube  which  was  electrically  connected  to  the  same  binding  post. 

V.  TESTS 

1.  PARASITIC  BMP  IN  COMPONENT  PARTS 

In  testing  experimental  ke3Ts  and  other  parts  to  determine  their 
thermoelectric  behavior  under  thermal  exposure,  a  sensitive  reflect- 
ing galvanometer  was  used  in  series  with  a  parasitic  emf  compensa- 
tor 17  and  a  device  (a  small  Lindeck-Rothe  potentiometer)  by  means 
of  which  a  measured  emf  from  0  to  10  nv  could  be  injected  into  the 
galvanometer  circuit.  To  prepare  for  the  measurement  of  parasitic 
emf  in  a  key,  for  example,  the  galvanometer  circuit  as  above  de- 
scribed was  first  closed  by  directly  joining  two  copper  wires.  No 
current  flowed  in  the  compensator  circuit  and  no  emf  was  injected 
into  the  galvanometer  circuit  by  the  Lindeck-Rothe  potentiometer. 
The  resulting  deflection,  if  any,  was  caused  by  parasitic  emf  in  the 
galvanometer,  and  was  then  reduced  to  zero  by  using  the  compensa- 
tor. Then  a  small  emf,  say  1  pv,  was  injected,  and  the  resulting  de- 
flection noted  as  the  basis  for  reducing  to  microvolts  the  subsequent 
observations  with  the  key  in  ciruit  and  the  injected  emf  removed. 

While  ordinary  keys,  not  designed  to  be  specially  thermofree, 
showed  appreciable  values  of  parasitic  emf,  the  combination  of  good 
materials  and  thermally  astatic  design  reduced  the  thermal  emf  to 
values  so  small  as  to  be  almost  inappreciable.  Two  expedients  as- 
sisted in  the  measurements  of  emf  of  only  a  few  hundredths  of  a 
microvolt.  The  first  was  to  replace  a  part  made  of  good  material  (for 
example,  the  hard-rolled  copper  spring  of  a  key,  or  the  manganin 
main  resistor)  by  a  similar  part  made  of  a  very  unsuitable  material. 
Constantan  was  used  for  the  latter.  Since  its  thermal  emf  per  degree 
with  respect  to  copper  is  about  20  times  the  thermal  emf  per  degree 
for  the  combination  manganin-copper,  the  values  of  parasitic  emf 
observed  with  constantan,  divided  by  20,  gave  the  values  of  thermal 
emf  which  would  have  been  obtained  for  the  same  structure  made  of 
good  materials;  that  is,  with  copper  for  the  key  springs  and  man- 
ganin for  the  main  resistor. 

The  other  expedient,  used  in  final  tests  of  parts  (and  later  of  the 
complete  potentiometer)  which  had  been  made  of  very  suitable 
materials,  was  to  increase  very  greatly  the  sensitivity  of  reading  the 
galvanometer  deflection.  A  special  optical  arrangement  was  devised, 
usable  only  for  very  small  (but  nevertheless  adequate)  angular 
deflections  of  the  galvanometer  coil,  which  gave  a  sensitivity  equal  to 
that  which  would  have  been  obtained  if  the  galvanometer  had  been 

»  This  compensator  was  similar  to  the  one  in  the  potentiometer.  It  was  a  small,  self-contained  device, 
complete  with  dry  cell,  and  has  been  very  convenient  for  purposes  other  than  the  present  development. 
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used  in  the  ordinary  way,  but  with  the  scale  13  in  from  the  galvanom- 
eter mirror. 

2.  MAIN  RESISTOR 

The  4-terminal  resistances  of  the  six  sections  of  the  main  resistor 
were  determined  after  final  adjustment  and  found  to  have  the  desired 
values  within  0.06  per  cent.  The  manganin  strip  composing  this 
resistor  had  been  formed  on  an  iron  plate  with  two  circles  of  iron  pegs, 
which  was  a  replica  of  the  bakelite  housing  in  which  the  strip  was 
finally  mounted.  The  manganin  was  annealed  while  on  the  iron  plate 
at  about  550°  C.  to  relieve  internal  stresses.  It  is  believed  that  this 
treatment  insures  the  permanency  of  the  resistance  values  to  a  degree 
much  higher  than  the  needs  of  the  case  require. 

3.  BATH-TEMPERATURE  SCALE 

The  second  of  the  two  factors  which  jointly  determine  the  accuracy 
of  measurements  with  the  potentiometer  is  the  accuracy  with  which 
the  current  for  full-scale  deflection  of  the  milliammeter  approaches 
the  ideal  values,  calculated  from  the  emf-temperature  relation  of  the 
couples,  as  the  bath- temperature  dial  is  turned  to  various  readings 
over  its  range  of  50°  to  300°  C.  This  matter  was  checked  by  measur- 
ing the  full-scale  current,  using  a  resistance  standard  and  Wolff 
potentiometer,  at  each  of  the  10°  divisions  over  the' entire  ranee. 
The  relative  differences  between  these  measured  currents  and  the 
currents  calculated  from  the  emf-temperature  relation  for  the  ther- 
mocouples averaged  3  parts,  maximum  8  parts,  in  10,000.  The  errors 
in  temperature-difference  measurements  from  this  cause  will  there- 
fore be  below  the  usual  limit  of  reading  of  the  scale. 

4.  OVER-ALL  ACCURACY 

The  final  test  of  the  potentiometer  was  a  direct  check  of  the  accur- 
acy of  the  potential  difference  which  it  develops  at  the  terminals 
marked  A  and  B  (fig.  2)  for  full-scale  deflection  of  the  milliammeter 
and  various  settings  of  the  bath-temperature  scale.  This  potential 
difference  was  measured  with  a  Wolff  potentiometer,  with  the  bath- 
temperature  dial  set  in  succession  at  each  10°  point  over  its  whole 
range.  The  check  was  made  with  the  range-changing  switch  S2  set 
at  the  extreme  position  on  the  right,  corresponding  to  a  difference  of 
5°  C.  between  the  temperatures  of  the  two  baths  for  full-scale  deflec- 
tion of  the  milliammeter.  The  average  relative  difference  between 
observed  and  computed  values  of  potential  difference  in  microvolts 
was  0.1  per  cent,  the  differences  ranging  from  0  to  0.2  per  cent  at 
various  points  on  the  bath-temperature  scale. 

5.  PARASITIC  EMF  IN  COMPLETE  POTENTIOMETER 

In  addition  to  the  heat-radiation  tests  of  separate  portions  of  the 

Eotentiometer,  main  resistor,  keys,  etc.,  as  constructed,  to  determine 
ow  much  parasitic  emf  would  be  set  up  in  them,  a  similar  test  was 
made  on  the  complete  potentiometer.  The  source  of  heat  was  a 
small  tubular  slide  rheostat  dissipating  300  watts.  It  was  placed  on 
the  table  10  inches  from  the  front  of  the  potentiometer;  that  is,  in 
about  the  usual  position  of  the  observer  when  measurements  are  in 
progress.    With  the  heat  source  in  this  position,  the  heat  passing 
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through  the  wooden  box  would  be  communicated  to  the  keys  and  the 
main  resistor.  (See  fig.  4.)  That  these  parts  were  properly  designed 
and  well  protected  by  their  aluminum  shields  was  shown  by  the  fact 
that  even  after  prolonged  exposure  the  thermal  emf  in  the  potentiome- 
ter was  so  minute  that  it  would  have  produced  an  error  corresponding 
to  about  0.1  division  on  the  indicator  scale  with  the  lowest  range 
(0  to  0.1°  C);  that  is,  corresponding  to  an  error  of  0.0001°  C.  in  the 
result.  Although,  it  would  doubtless  be  possible  to  reduce  parasitic 
emf  in  potentiometers  to  a  lower  amount,  by  more  refined  methods  of 
shielding  the  " thermoelectrically  vulnerable"  parts,  the  refinement 
would  not  usually  be  worth  the  extra  cost  because  even  high-grade 
moving-coil  galvanometers  would  not  f>e  capable  of  showing  the  dif- 
ference in  performance. 

VI.  PROCEDURE  IN  USE 

The  complete  procedure  to  be  followed  in  measuring  the  tempera- 
ture difference  of  the  two  baths  is  as  follows: 

1.  With  both  battery  switches  open,  depression  of  the  "Shunt  off" 
key  will  show  whether  any  appreciable  deflection  of  the  galvanometer 
has  been  existing  because  of  parasitic  emf.  If  the  spot  of  light  moves 
when  this  key  is  depressed,  the  left-hand  battery  switch  is  to  be  closed 
and  the  knob  of  the  parasitic  emf  compensator  is  to  be  turned  by 
trial  to  a  position  such  that  the  spot  of  light  does  not  move  when  the 
"Shunt  off"  key  is  depressed. 

2.  The  bath-temperature  dial  is  to  be  set  to  the  mean  temperature 
of  the  two  baths,  as  determined  by  independent  means.  This 
temperature  does  not  need  to  be  known  very  accurately  because  an 
error  of  5°  to  10°  C.  in  T  will  produce  an  error  of  only  1  per  cent  in  the 
value  of  dE/d  T. 

3.  The  right-hand  battery  switch  is  to  be  closed,  the  range-selecting 
switch  set  to  a  value  of  full-scale  temperature  difference  which  in- 
cludes the  estimated  or  expected  value,  and  the  reversing  switch  set 
to  "A  higher"  or  "B  higher"  as  may  be  thought  necessary;  then  by 
means  of  the  coarse  rheostat  and  the  fine  rheostat  at  the  right  of  the 
"indicator"  (milliammeter)  the  pointer  is  brought  to  a  reading  corre- 
sponding to  the  estimated  temperature  difference.  Key  Ri  is  now 
closed,  the  direction  of  the  galvanometer  deflection  noted,  and  the 
reading  of  the  indicator  changed  by  using  the  coarse  rheostat  until 
the  direction  of  the  galvanometer  deflection  becomes  reversed.  With 
the  aid  of  the  fine  rheostat  the  deflection  is  to  be  reduced  to  zero; 
the  key  Rt  is  then  closed,  increasing  the  working  sensitivity;  the 
resulting  deflection  is  again  reduced  to  zero;  and  similarly  with  both 
the  keys  0  and  "Shunt  off"  depressed.  The  difference  between  the 
temperatures  of  the  baths  is  then  indicated  by  the  pointer,  the  read- 
ing in  divisions  being  interpreted  in  degrees  C.  by  noting  the  setting 
of  the  range-selecting  switch.  If  the  actual  temperature  difference 
is  greater  than  the  anticipated  value,  it  may  be  impossible  to  reduce 
the  galvanometer  deflection  to  zero  until  the  range-selecting  switch 
has  been  advanced  to  a  higher  setting.  If  the  temperature  of  bath  B 
is  actually  higher  than  that  of  bath  A,  and  the  knob  has  been  set  to 
*'A  higher,"  the  fact  will  be  shown  by  the  impossibility  of  reducing 
the  galvanometer  deflection  to  zero,  this  deflection  increasing  con- 
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tinually  as  the  reading  of  the  indicator  increases  and  as  the  range- 
selecting  switch  is  advanced  to  higher  settings. 

The  check  for  parasitic  emf  in  the  galvanometer,  made  as  the  first 
step  in  the  procedure,  should  be  repeated  occasionally,  the  intervals 
depending  on  the  degree  of  freedom  of  the  galvanometer  from  such 
emf,  its  environment  as  regards  temperature  uniformity,  air  currents, 
etc.,  and  the  magnitude  of  the  temperature  difference  under  measure- 
ment. The  smaller  this  difference  the  more  carefully  must  parasitic 
emf  be  detected  and  compensated. 

By  setting  the  bath-temperature  scale  at  158°,  at  which  tempera- 
ture dE/dT  is  50  /*v  per  degree,  the  potentiometer  may  be  made  to 
indicate  the  potential  difference  between  the  terminals  A  and  B 
(fig.  2)  in  microvolts,  the  full-scale  deflection  of  100  divisions  then 
corresponding  to  50,  100,  250,  500,  1,000,  and  2,500  when  the 
range  switch  is  set  at  0.1°,  0.2°,  0.5°,  1°,  2°,  and  5°,  respectively. 
This  procedure  adapts  the  potentiometer  to  the  measurement  of  very 
small  values  of  emf  for  any  purpose  where  the  limitations  on  the 
relative  accuracv  of  Poggendorff's  second  method  do  not  interfere. 
A  good  illustration  is  the  determination  of  the  emf  of  a  standard  cell 
in  terms  of  the  emf  of  another  cell  taken  as  a  reference  cell,  the  two 
emfs  being  opposed  and  their  difference  being  measured  by  the 
potentiometer.  Even  if  the  two  cells  differed  in  emf  by  as  much  as 
1,000  jxv  and  the  relative  error  of  measuring  this  quantity  were  0.5 
per  cent,  the  value  of  the  unknown  cell  in  terms  of  the  reference  cell 
would  be  obtained  with  an  error  of  only  5  parts  in  1,000,000.  Read- 
ing directiy  in  microvolts,  the  potentiometer  may  be  used  with 
thermocouples  of  characteristics  different  from  those  for  which  it  was 
designed,  and  might  also  be  used,  with  the  couples  for  which  it  was 
designed,  for  temperatures  lower  than  50°  or  higher  than  300°. 
However,  since  this  procedure  would  involve  inconvenient  calcula- 
tions or  reference  to  curves  to  obtain  values  of  temperature  difference, 
a  more  convenient  method  would  be  as  follows: 

For  any  given  mean  bath  temperature,  set  the  bath-temperature 
dial  to  a  corresponding  value,  taken  from  a  curve  or  table,  such  that 
all  observed  values  of  temperature  difference  need  only  multiplication 
by  a  convenient  factor  to  give  actual  temperature  difference.  For 
example,  in  the  present  case,  the  range  +50°  C.  down  to  —40°  C. 
can  be  covered  by  setting  the  bath-temperature  dial  at  208°  for 
actual  bath  temperature  of  50°;  at  57°  for  actual  bath  temperature  of 
—  40°,  and  multiplying  observed  temperature  differences  by  1.25. 
The  use  of  the  factor  1.5  makes  it  possible  to  cover  the  range  —40° 
to  - 100°  C,  and  the  factor  2  continues  this  down  to  - 160°.  These 
factors,  increasing  as  the  bath  temperature  decreases,  represent  the 
fact  that  dE/dT  decreases  with  the  temperature. 

It  would  be  possible  to  design  the  rheostat  2?8  (see  fig.  2)  to  provide 
a  scale  of  dE/dT  (or  of  mean  bath  temperature)  covering  a  very  much 
wider  range  of  bath  temperature,  but  this  might  make  the  scale  more 
crowded  than  is  desirable.  It  is  probably  preferable,  as  a  rule,  to 
provide  an  open  scale  covering  the  temperature  range  for  which  the 
greater  part  of  the  work  is  to  be  done,  and  to  use  expedients,  such 
as  those  of  the  preceding  paragraph,  for  the  very  occasional  work 
outside  this  range. 
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Although  particular  attention  has  been  given  in  this  paper  to  the 
specific  application  which  occasioned  the  design  and  construction  of 
this  potentiometer,  it  is  obvious  that  it,  or  others  of  similar  design, 
may  readily  be  adapted  to  many  other  purposes  involving  the  rapid 
measurement  of  small  electromotive  forces,  particularly  in  the  lower 
ranges  where  it  is  necessary  to  avoid  errors  arising  from  parasitic 
electromotive  forces  in  the  measurement  circuit. 

Washington,  August  16,  1932. 
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THE  DENSITY  OF  SOME  SODA-LIME-SILICA  GLASSES  AS 
A  FUNCTION  OF  THE  COMPOSITION 

By  F.  W.  Glaze,  J.  C.  Young,  and  A.  N.  Finn 


ABSTRACT 

Thirty -seven  soda-silica  and  22  soda-lime-silica  glasses  were  made  in  platinum 
crucibles  and  the  density  and  chemical  composition  of  each  glass  were  deter- 
mined. From  the  data  obtained  equations  were  derived  and  a  diagram  was  pre- 
pared showing  the  relations  between  density  and  composition  of  these  glasses. 
Within  the  range  of  compositions  considered,  the  diagram  makes  it  possible  to 
predict  with  considerable  accuracy  (1)  the  density  of  any  glass  from  the  composi- 
tion and  (2)  the  compositions  of  the  various  glasses  having  equal  densities.  Some 
evidence  is  presented  indicating  that  the  density  of  the  soda-silica  glasses  is  a  sim- 
ple function  of  certain  soda-sflica  compounds  which  may  be  present  in  the  glass. 
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I.  INTRODUCTION 

Studies  of  the  relations  between  chemical  composition  and  certain 
physical  properties  of  glasses  have  received  considerable  attention  in 
the  past  and  a  report  on  The  Index  of  Refraction  of  Some  Soda-Lime- 
Silica  Glasses  as  a  Function  of  the  Composition,  by  C.  A.  Faick  and 
A.  N.  Finn,  was  recently  published.1  In  that  report  the  purpose  of 
this  general  study  was  given,  the  method  of  making  the  glasses  was 
detailed,  essential  parts  of  the  methods  of  chemical  analysis  were 
outlined,  and  the  condition  of  annealing  was  described. 

Since  that  report  was  published  some  additional  glasses  were  made, 
and  the  present  paper  gives  the  results  obtained  with  respect  to  density. 

II.  THE  MEASUREMENT  OF  DENSITY 

The  samples  prepared  for  the  work  on  index  of  refraction  were  also 
used  for  density  determinations  and  weighed  approximately  20  g  each. 
Since  no  samples  were  used  that  contained  gaseous  inclusions  of  suffi- 
cient magnitude  to  affect  results,  no  corrections  for  "seeds"  were 
necessary. 

Density  was  determined  by  weighing  the  samples  in  air  and  then 
weighing  them  suspended  in  kerosene  by  means  of  a  platinum  wire 
basket  which  was  connected  with  the  balance  beam  by  means  of  a 
single  platinum  wire.    The  suspending  wire  was  covered  with  unbur- 


>  B.S.Jour.  Research,  vol.  6  (RP320),  p.  993,  June,  1931;  also  J.  Am.  Cer.  Soc.vol.  14  (7),  p.  618,  1931. 
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nished  electroplated  gold.  The  density  of  the  kerosene  was  deter- 
mined at  first  by  means  of  a  25  ml  pycnometer;  later  it  was  determined 
by  means  of  a  plummet  whose  volume  was  35.0300  ml  at  20°  C.  and 
whose  weight  (corrected  for  buoyancy  of  air)  was  43.7584  g. 

The  density  of  the  kerosene  (average  of  24  determinations)  was 
0.80870;  the  maximum  change  in  density  of  the  kerosene,  based  on 
observations  extending  over  a  period  of  14  months,  was  0.00O28. 
Measured  densities  of  kerosene  were  computed  to  the  density  at  20° 
C,  using  the  coefficient  0.0007  per  degree,  which  is  sufficiently  accu- 
rate if  the  temperature  of  observation  does  not  differ  from  20°  C.  by 
more  than  5°.  When  the  densities  of  a  large  number  of  glasses  were 
determined  during  the  same  day,  the  density  of  the  kerosene  was 
determined  before  and  after  the  other  determinations;  the  maximum 
observed  change  in  any  one  day,  probably  resulting  largely  from 
unavoidable  temperature  variations,  was  0.00014;  the  average  change 
was  0.00005. 

The  average  variation  in  density  observations,  as  determined  from 
the  results  on  six  stable  glasses,  was  0.0003,  but  since  some  of  the 
other  glasses  were  decidedly  hygroscopic,  the  reported  values  for  the 
latter  may  be  in  error  by  as  much  as  0.001 : 

All  weights  were  corrected  for  the  buoyancy  of  air  and  results  were 
computed  to  the  density  of  water  at  4°  C.  The  data  obtained  are 
given  in  Table  1,  as  are  also  values  computed  by  equation  (3),  differ- 
ences between  computed  and  observed  values  ana  temperatures  at 
which  the  various  glasses  were  annealed. 

Table  1. — Composition,  observed  and  computed  densities,  and  annealing  tempera- 
tures used  for  59  soda-lime-silica  glasses 


Density 

Anneal- 
ing tem- 
perature 
used 

Observed 

Com- 
puled 

Difference 

xio* 

°c. 

2.  m:A 

2.5666 

-10 

K    -t  450 

2.  5610 

2.  56,54 

-14 

450 

2.  5007 

2.  .TO! 

+5 

440 

2.  5537 

2.  5555 

-18 

4M 

2.5515 

2.  5508 

+7 

450 

2.  5475 

2.  5484 

-9 

420 

2.  53&3 

2.5372 

+  11 

450 

2.  53  IS 

2.  5330 

-12 

430 

■i  vm 

2.  5261 

+5 

460 

2.  5240 

2,  5226 

+  14 

450 

2.  522S 

2.  5224 

+  4 

470 

5208 

2.  5210 

-2 

-  490 

2.  5071 

2.  50ft2 

+9 

470 

2.  5044 

2.  5058 

-14 

2.  503  S 

2.  5047 

-9 

S 

■2.  4890 

2.4930 

-40 

450 

2  4  H  24 

2  4928 

-4 

480 

2.  4*65 

2.  4802 

+3 

480 

2.  4*07 

2.  481!) 

-12 

500 

2  4644 

2.  4650 

-6 

515 

2  4612 

2.4612 

0 

2.  4603 

2.4597 

+« 

«S 

2.  4  »H8 

2.  44  S3 

+  5 

525 

2.  4479 

2.  4472 

±1 

ss 

2.  4:14.-5 

2.  4351 

: 

2 

3 
- 

5. 


6(4). 

8"<:»j: 

9  

10_. 


11  

12(6;. 

ill- 


16(9).. 
17(10). 
18  

20(12): 


24 

25 


Glass  No.' 


Composition 


S1O1 


.30 
,  32 


1 

65 
06.  52 
67.  14 
fl'J.  05 

70.  21 
70.41 
72.  15 
72.  33 

71.  16 


NaiO 


Per  rent 

50.  22 

50.  51 
51.61 

52.  60 

53.  02 

51.  14  ' 

56.  56  I 
57.45  1 
5X.l'S  ' 

59.  71 
50. 

62.  77 
62.86 

63.  06 


Per  rent 
49.  7S 
4ft.  49 

45.  31.* 
47.  40 

46.  38 

45.  86 
43.  44 
42.  55 
41.02 
40  31 

10.  29 
40.  0'! 
37.  23 
37,  11 
36. '.'1 

34.  70 

34.  6S 
33.  !S 
32.  VI 
30.  35 

29.  7'.  I 
29.  50 
27.  S5 
27  67 
25.  8-1 


CaO 


]J(T  cent 


»  Figures  in  parentheses  are  the  numbers  of  the  same  glasses  in  the  refractlvity  paper 
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Table  1. — Composition,  observed  and  computed  densities,  and  annealing  tempera- 
tures used  for  59  soda-lime-silica  glasses — Continued 


No.« 


as  

27  (16). 

28  

29  


31  (17). 

32  (18). 

33  (19). 


38«(20)._._ 


86  

37  (21) . 
88*-... 
30  


51  (33) . 

52  (34). 

53  (35). 

54  (36). 

55  (37) 


56  (38)  . 

57  *  (39). 

58  (40) . . 
50  (41).. 
60  (42). _ 


Composition 


Per  cent 
74. 60 

75.29 

76.  m 

76.65 
76.70 

77.85 
78.61 
TV.  73 
82.76 
82.86 

85. 15 
86.41 

100 
50.18 
50.30 

54. 37 
56.20 
56.  76 
58.41 
60.32 

63.34 
64. 14 
64.70 
65.71 
66.47 

67.30 
67.98 
70.50 

72.61 

74.09 
74.60 
75  48 
78.77 
80.  50 


NnjO 


Per  cent 

25,31 
24.  71 
23.  4(1 
23.35 
23.30 

22.15 
21.39 
20.27 
17.24 
17.14 

14.85 
13.59 


37.  SO 
43.04 

32.85 
34.00 
34.  4X 

5t 

24.50 

24.39 
21.22 
26.84 
28.  7'J 
21.74 

20.43 

22.  50 

23.  00 
14.  21 
24.24 

15  23 
12.28 
15.26 
1G.  33 
16.  17 


CaO 


Per  cent 


12.  02 
6.66 

12  78 
9.80 
576 
3.05 

15  18 

12.27 
14.64 
8.46 

5.50 
11.79 

3.27 
9.52 
6.50 
13.71 
3. 15 

10  68 
13.03 
9.26 
4.90 
3.24 


Density 


Observed 


2.  4305 
2.4260 
2.4140 
2.4133 
2.4126 

2.4007 
2.  3938 
23813 
2  3545 
2.3536 

23307 
2.  3201 
2.  2033 
2.6113 
26076 

26236 
2.  5976 
2  5710 
2.5474 
2.6074 

2  5757 
2.  5851 
2.  5460 
2.  5229 
2.5564 

24998 
2.5331 
2.  4980 
2.  5276 
24641 

2.  4935 
2.  4901 
2.4734 
24190 
2.  3886 


Com* 
puted 


2.  4323 
2.  1264 
24133 
2.4128 
24124 

2  4011 

2.  vim 

23829 
2  3541 
2.3531 

23319 
2.3203 
2.  2026 
2.  6400 
2.  6082 

2  6232 
2.  5978 
2  5718 
2.5476 
2.6068 

2  5755 
2.5845 
2.  5460 
2.5234 

25555 

25009 
2.  5333 
2.  4980 
2.  5269 
24640 

24932 
2.  4964 
2.  4724 
2.4184 
2.  3921 


Difference 
X10« 


-18 
-4 

+7 
+5 
+2 

-4 

+2 
-18 
+4 
+5 

-12 

+1 
+7 
+13 
-6 


-2 
+  1 
-2 
+8 

+2 
+6 
0 
-5 
+» 

-11 
-2 
0 
+7 
+1 

+3 
-3 
+10 
+6 

-35 


Anneal- 
ing tem- 
pera lure 
used 


*C. 


505 
560 
610 
510 


575 
575 
575 
550 


540 
600 


460 

450 

530 
480 
470 


565 

525 


545 
590 
590 
546 
565 


3  Sew  analysis  made  since  report  on  refractivlty. 

*  This  sample  was  not  made  at  tbe  Bureau  of  Standards,  nor  was  it  analyzed. 


III.  DATA  OBTAINED  AND  RESULTS 

If  the  densities  of  the  soda-silica  glasses  are  plotted  against  the 
silica  or  soda  content  of  tbe  glasses,  an  approximately  smooth  curve 
will  he  obtained  for  those  glasses  containing  less  than  80  per  cent 
silica;  the  best  equation  derived  to  represent  that  portion  of  the  curve 


#  =  2.4756  +  0.003012? 


2.988 
B-l 


(1) 


in  which  D  is  the  density  and  B  is  the  percentage  of  soda.  This 
equation  is  not  very  satisfactory  because  of  its  limited  range  and 
also  because  it  could  not  easily  be  adapted  to  glasses  containing  lime. 

Since,  in  the  paper  on  index  of  refraction,  it  was  pointed  out  that 
more  satisfactory  results  could  be  obtained  by  drawing  straight  lines 


between  certain  points  on  a  composition-refractivity  diagram  for  the 
soda-silica  glasses,  the  same  procedure  was  applied  to  the  density 
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data.  In  this  case  the  need  for  straight  lines  rather  than  a  continuous 
curve  again  became  evident,  but  the  changes  in  slope  of  the  straight 
lines  drawn  through  the  plotted  data  were  not  decidedly  pronounced. 

When,  however,  specific  volumes  (reciprocal  of  density)  were  plotted 
against  silica,  a  very  satisfactory  series  of  straight  lines  could  be 
drawn  through  the  plotted  data.  (Fig.  1.)  The  intersections  of 
these  lines  occurred  at  approximately  59.4,  66.3,  and  74.9  per  cent 
silica.  These  values  correspond  closely  to  three  simple  molecular 
ratios  of  soda  to  silica,  namely,  4:6,  3:6,  and  2:6.    Of  these  the  only 


043 
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£  04/ 


040 


039 
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3:6 

| 
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1 
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> 
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Per  cent  5'Qz 
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Figure  1. — Diagram  showing  relation  between  composition  and  specific 
volume  of  some  soda-silica  glasses;  three  molecular  ratios  of  soda  to  silica 
are  also  indicated 

All  reported  observations  are  plotted  in  the  graph  at  the  left  and  are  omitted  In  the  graph  at 
the  right;  ihe  lines  in  bo.h  the<e  Rrapha  are  identical  and  the  dotted  extensions  are  added,  in 
the  right-hand  graph,  to  emphasize  the  change  in  slope  of  the  various  seciions 

one  obtained  in  a  crystalline  state  is  the  3:6  compound8  (ordinarily 
written  1:2). 

Equations  of  the  form-^-  =  a  +  6^4,  in  which  A  is  the  percentage  of 

silica,  can  be  used  to  express  the  four  straight  lines  in  Figure  1.  Since 
such  equations  involve  only  one  constituent  of  the  binary  glasses 
they  could  not  be  readily  applied  to  more  complex  glasses;  conse- 
quently the  initial  equations  were  converted,  through  the  relation 
/I +  £=100,  to  the  form 

jj  =  aA  +  0B  (2) 

in  which  a  and  0  are  empirical  constants  having  different  values  for 
the  different  ranges  of  composition,  as  shown  in  Table  2.    A  simul- 


»  Morey,  O.  W.,  and  Bow<m.  V.  L.,  The  Binary  System  Sodium  Metasilicate-silica,  J.  Phys.  Chem., 
vol.  28,  No.  11,  pp.  1167-117y,  1^24. 
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taneous  solution  of  each  adjacent  pair  of  equations  gives  the  indicated 
silica  limits. 

In  general  the  data  on  the  soda-lime  glasses  were  treated  as  if  the 
combined  amount  of  soda  and  lime  were  all  soda,  and  a  value  for 

2^  for  each  glass  was  computed  from  equation  (2),  using  appropriate 

constants.  The  differences  between  these  computed  values  and  the 
observed  specific  volumes  were  plotted  as  functions  of  the  percentage 
of  lime,  <?,  and  four  equations  of  the  form 

{{C)  =  kC+y'C* 

were  obtained,  k  and  y'  being  empirical  constants.  Each  of  these 
equations,  when  added  to  its  corresponding  soda-silica  equation,  gives 
the  completed  form 

i  -  aA  +  0(B  +  C)  +  kC+  yC1 

or 

lD=aA  +  fiB+yC+y'C*  (3) 

in  which  At  B,  and  C  represent  the  percentages  of  silica,  soda  and 
lime,  respectively,  and  a,  0,  y,  and  y'  are  empirical  constants  having 
the  values  indicated  in  Table  2. 

It  is  evident  that  this  procedure  assumes  initially  that  the  lines  of 
demarcation  (aa',  66',  and  cc',  in  fig  2)  will  lie  along  constant  silica 
lines,  but  a  simultaneous  solution  oi  each  adjacent  pair  of  equations 
(3)  gives  the  following  values  of  the  silica  limits  for  the  glasses  con- 
taining lime : 

-4.  =-59.4- 0.230+ 0.032C1  (indicated  by  aa'  in  fig.  2) 
A  =  66.3  4   .15(7-  .004C2  (indicated  by  66'  in  fig.  2) 

^4e-74.9  -  .017C2  (indicated  by  cc'  in  fig.  2) 

in  which  A*,  Ab,  and  Ae  represent,  respectively,  the  percentages  of 
silica  for  the  lines  aa',  bb't  and  cc'. 

In  arriving  at  the  best  values  for  y  and  y',  therefore,  it  was  neces- 
sary with  some  glasses  near  the  limiting  silica  values  to  depart  from 
the  general  procedure  outlined  by  using  an  adjacent  set  of  values  of 
a  and  0  in  anticipation  of  the  final  positions  of  the  lines  of  demarca- 
tion. The  proper  selection  of  the  values  of  a  and  0  could  only  be 
determined  by  trial.  These  curved  lines  are  preferred  to  the  straight 
lines  indicated  in  the  refractivity  paper  because  density  changes 
with  composition  are  approximately  seven  times  greater  than  corre- 
sponding refractivity  changes,  and,  hence,  give  a  better  criterion  of 
the  location  of  these  lines.  Equation  (3)  and  the  constants  in  Table  2 
were  used  in  computing  data  to  draw  the  lines  of  equal  density  shown 
in  Figure  2  in  which  all  the  experimental  glasses  are  indicated.  As 
additional  data  are  obtained,  however,  it  may  be  necessary  to  make 
other  changes  in  the  location  of  these  lines  of  demarcation. 
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Table  2.—  Silica  limits  and  values  of  corresponding  constants  for  equations  (IB) 

and  (8) 


8Qlca  limits,  per  cent  silica 

a 

0 

y 

y' 

50  (?)  to  At    

00042^20 

0.0035370 

0.002M5 

a  oooooso 

A«U>w4»   

.0043028 

.0034<528 

.002500 

.0000040 

A»  to  A,  

.0043922 

.0032*72 

.002285 

.0000050 

A«  to  100.0  !  .0045400 

.00284  GO 

.001844 

.0000148 

IV.  CONCLUSION 

Considering  the  data  on  the  soda-silica  glasses  only  (and  disregard- 
ing the  trend  of  specific  volume  changes  m  the  soda-lime  glasses) 2  it 
is  difficult  to  avoid  the  conclusion  that  the  increment  in  specific 
volume  of  any  of  these  glasses  between  the  end  members  of  the  group 
(indicated  in  Table  2)  m  which  that  particular  glass  lies,  is  directly 
proportional  to  the  increment  in  silica.  In  other  words,  the  data 
suggest  that  the  soda-silica  glasses,  in  the  range  studied,  should  be 
regarded  either  as  simple  compounds  or  as  simple  mixtures  of  two 
adjacent  compounds. 

Washington,  August  3,  1932. 
145879—32  7 
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COILED  FILAMENT  RESISTANCE  THERMOMETERS 

By  C.  H.  Meyers 

ABSTRACT 

Platinum  resistance  thermometers  with  strain  free  windings  which  are  smaller 
than  those  previously  used  are  described,  and  the  method  of  construction  is 
given.  Bv  double  helical  winding  the  coil  of  a  25  ohm  thermometer  is  reduced 
to  about  6  mm  diameter  and  2  cm  length,  and  the  outside  diameter  of  the  ther- 
mometer is  about  the  same  as  that  of  the  ordinary  mercury-in-glass  thermometer. 
These  thermometers  are  hermetically  sealed,  and  thermometric  lag  is  reduced 
by  filling  them  with  helium. 
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I.  INTRODUCTION 

In  a  previous  paper,  T.  S.  Sligh  1  has  discussed  the  properties  of 
platinum  resistance  thermometers  in  general,  explained  the  method 
used  for  calculating  temperatures,  and  described  the  construction  of 
resistance  thermometers  ordinarily  used  at  this  bureau. 

Strain-free  thermometers  with  smaller  dimensions  have  sometimes 
been  found  desirable  for  use  in  special  apparatus,  and  to  fill  this  need 
several  such  thermometers  have  been  constructed.  When  these 
thermometers  are  mounted  in  a  glass  tube  the  over-all  diameter  is 
about  7  mm,  or  about  the  size  of  an  ordinary  mercury-in-glass  ther- 
mometer. Since  the  length  of  the  coil  is  only  about  2  cm  this  design 
of  resistance  thermometer  is  suitable  for  any  location  where  a  mer- 
cury thermometer  may  be  used. 

A  detailed  description  of  this  special  design  of  thermometer  coil 
and  its  construction  will  be  given  as  well  as  a  description  of  modifica- 
tions in  the  design  of  leads  and  thermometer  head. 

II.  THERMOMETER  COIL 

The  design  of  the  thermometer  coil  is  illustrated  in  Figure  1, 
which  is  a  photograph  of  a  model  built  for  illustrative  purposes.  In 
Figure  1 ,  (A)  shows  this  model  mounted  on  the  quartered  mandrel 
upon  which  it  was  wound,  and  (B)  shows  the  coil  removed  from  the 
mandrel.  The  size  of  the  actual  thermometer  coil  is  illustrated  by 
the  scale  drawn  in  (A). 

In  the  construction  of  the  thermometer  coil,  the  platinum  winding 
was  mounted  upon  a  mica  cross  of  the  type  mentioned  in  Sligh's 
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paper.  The  various  steps  in  the  construction  of  this  cross  and  the 
coil  are  given  in  Figure  2.  The  dimensions  given  are  those  actually 
used  and  are  given  in  millimeters  unless  otherwise  stated  in  the  figure. 

Mica  was  cut  into  strips  by  clamping  the  part  to  be  used  under  a 
bar  of  the  proper  width  and  trimming  away  the  portions  extending 
on  each  side  by  a  repeated  back  and  forth  motion  of  a  sharp-edged 
steel  tool.  As  mentioned  in  the  paper  already  referred  to,  a  thin 
safety-razor  blade  forms  a  convenient  source  of  material  for  such  a 
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Figure  2. — Construction  of  thermometer  coil 

tool.  The  mica  strip  may  be  split  to  the  desired  thickness  (about 
0.1  mm),  or  teeth  may  cut  in  the  strip  before  splitting.  For  cutting 
the  teeth  the  mica  was  placed  in  a  toothed  clamp,  such  as  shown  to 
the  right  in  Figure  2  (a),  the  halves  of  which  were  kept  in  alignment 
by  pins.  This  clamp  was  gripped  between  vise  jaws.  Teetn  were 
cut  in  the  mica  with  a  special  saw  consisting  of  0.5  mm  steel  wire 
mounted  upon  a  light  jeweler's  hack-saw  frame.  The  saw  cut  equally 
well  when  the  wire  was  charged  with  carborundum  by  rolling  between 
two  plates  of  glass  or  when  the  wire  was  merely  roughened  by  rub- 
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A,  Mounted  upon  mandrel;  H.  removed  from  mandrel. 
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bing  transversely  with  a  carborundum  stone.  This  saw  produced  a 
smooth-edged  notch  with  parallel  sides  and  a  rounded  bottom. 
Both  steel  piano  wire  and  mckel  wire  have  been  used  successfully  in 
cutting  notches  from  0.1  to  0.5  mm  wide.  Copper  wire  was  not 
found  as  satisfactory  on  account  of  excessive  stretching  of  the  wire. 
After  the  mica  had  been  notched  it  was  removed  from  the  clamp,  and 
the  six  holes  shown  in  Figure  2  (6)  were  drilled.  Piano  wire  was 
ground  to  form  a  flat  drill  for  this  purpose.  The  slots  shown  were 
cut  and  the  slotted  pieces  of  mica  were  pushed  together  to  form  a 
cross  in  which  the  teeth  were  arranged  to  accommodate  a  bifilar 
winding  of  uniform  pitch.  This  cross  was  inserted  in  the  quartered 
steel  mandrel  illustrated  in  Figure  2  (c). 

Platinum  wire  nominally  0.1  mm  in  diameter  was  used  in  these 
•  thermometers,  and  the  length  of  wire  required  was  1.8  to  2.4  m,  depend- 
ing upon  the  actual  diameter  of  the  lot  of  wire  used.  The  requisite 
amount  of  wire  was  cut  into  two  pieces,  each  of  which  was  wound  into 
a  helix  with  an  outer  diameter  of  about  0.45  mm.  For  this  purpose  a 
steel  wire  (0.23  mm  diameter)  was  used  as  a  mandrel,  one  end  being 
mounted  in  a  lathe  and  the  other  end  attached  to  a  ball  bearing,  an 
arrangement  which  permitted  fairly  uniform  rotation  of  the  taut  steel 
wire.  When  hard-drawn  platinum  wire  was  available  the  following 
procedure  was  successful:  One  end  of  the  wire  was  attached  to  the 
mandrel  and  the  other  end  to  a  thread  which  led  over  a  pulley  to  a 
weight  of  about  30  g.  The  pullev  was  placed  in  such  position  rela- 
tive to  the  lathe  that  the  consecutive  turns  of  the  helix  were  wound  in 
contact;  it  was  far  enough  from  the  lathe  (about  3  m)  so  that  the 
angle  of  winding  remained  substantially  constant.  When  the  winding 
was  completed  Doth  ends  of  the  helix  were  released  and  one  end  was 
kept  from  rotating  while  the  lathe  was  rotated  in  such  direction  as 
would  tend  to  unwind  the  helix  until  the  other  end  began  to  slip  on 
the  mandrel.  The  mandrel  was  then  removed  from  the  lathe,  its  end 
freed  from  any  roughness  which  might  scratch  the  platinum  wire  and 
the  helix  pushed  off.  The  helix  was  then  stretched  until  its  length 
under  no  tension  was  approximately  doubled,  the  result  being  an 
almost  uniform  spacing  of  the  wire. 

The  method  just  described  was  not  successful  for  annealed  platinum 
wire.  When  the  use  of  such  wire  was  necessary,  it  was  either  wound 
along  with  a  spacing  wire  so  that  the  turns  were  in  contact  and  the 
spacing  wire  later  unwound,  or  the  platinum  wire  was  fed  from  the 
moving  tool  carriage  of  a  thread-cutting  lathe.  For  the  latter  method 
a  lathe  with  two  heads  geared  together  is  desirable  since  the  irregu- 
larities in  the  motion  of  the  ball  bearing  cause  irreugular  spacing  of 
the  wire.  After  winding,  the  mandrel  was  dissolved  in  hot  hydro- 
chloric acid. 

Short  leads  of  platinum  were  welded  to  form  a  T  on  one  end  of 
each  of  the  two  helices.  A  small  oxy-gas  flame  was  used  in  the  present 
work,  although  the  arc  method  descnbed  by  Sligh  might  have  been 
used  with  due  precaution  to  arrange  the  work  so  that  the  electric 
current  would  not  anneal  the  helix.  It  was  found  that  the  helices 
stretched  less  during  winding  and  that  the  coil  suffered  less  from 
accidental  distortions  if  the  wire  was  not  annealed  until  the  winding 
upon  the  mica  cross  was  completed.  Both  pairs  of  leads  were  then 
threaded  into  the  mica  cross  as  shown  for  one  pair  in  Figure  2  (d). 
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The  choice  of  the  direction  of  winding  upon  the  cross  was  deter- 
mined by  the  direction  of  winding  of  the  helices  which  had  been 
wound  with  a  left-hand  pitch.  Figure  2  (c)  and  (J)  show  a  magnified 
view  of  the  edge  of  the  mica  with  such  a  helix  crossing  it.  The  direc- 
tion of  winding  upon  the  cross  corresponding  to  that  at  (e) ;  that  is,  a 
winding  with  a  right-hand  pitch  was  chosen  as  the  one  in  which  two 
consecutive  turns  of  the  helix  would  be  less  likely  to  straddle  the  mica. 
The  helices  were  wound  upon  the  cross  under  the  tension  caused  by  a 
weight  of  2  or  3  g  attached  to  each  of  their  free  ends.  The  clamp  of 
thin  sheet  copper  designed  as  shown  in  Figure  2  (g)  for  both  right  and 
left  hand  windings,  was  slipped  over  the  coil  to  hold  the  winding  in 
place  while  the  ends  of  the  helices  were  joined  to  the  platinum  tie 
wire  visible  in  Figure  1,  and  tied  to  the  mica.  After  removing  the 
clamp  and  the  quartered  mandrel  from  the  coil,  the  latter  was  annealed 
in  an  electric  furnace  for  two  or  three  hours  at  600°  to  650°  C. 

During  this  annealing  the  resistance  of  the  25  ohm  thermometers 
decreased  about  0.5  ohm,  an  amount  which  had  to  be  allowed  for  in 
choosing  the  initial  length  of  wire. 

After  the  preliminary  annealing  the  resistance  of  the  coil  was 
adjusted  by  cutting  out  the  proper  amount  of  wire  and  rewelding, 
the  mandrel  and  clamp  being  replaced  during  the  operation.  The 
coil  was  then  again  annealed  at  the  same  temperature  for  about  five 
hours. 

Itl.  LEADS  AND  THERMOMETER  HEAD 

As  in  the  thermometers  described  by  Sligh,  mica  disks  served  the 
double  purpose  of  separating  the  internal  leads  and  breaking  up  con- 
vection currents  in  the  stem  of  the  thermometer.  The  mica  disks 
were  cut  with  a  punch  and  die  of  the  type  ordinarily  used  for  blank- 
ing and  perforating  sheet  metal.  An  attempt  to  use  Sligh's  method 
of  keeping  the  mica  disks  normal  to  the  axis  of  the  thermometer 
by  staggering  the  holes  through  which  the  leads  were  threaded  was 
unsuccessful  for  the  small  size  of  washers  used. 

Better  results  were  obtained  by  tapering  the  wire  so  that  disks  with 
holes  which  fitted  the  wire  snugly  could  be  used.  Although  tapering 
the  full  length  of  the  leads  ^ave  the  best  appearing  result,  it  was  found 
that  with  care  the  mica  disks  could  be  slid  along  the  uniform  wires 
without  serious  enlargement  of  the  holes,  and  that  part  or  all  of  the 
tapered  portion  could  be  discarded.  Gold  wire  0.2  mm  diameter  was 
tapered  in  hot  acqua  regia  by  moving  the  wire  up  and  down  thus 
varying  the  time  of  immersion  along  the  length  of  the  wire.  The 
holes  in  the  disks  used  with  these  leads  were  made  with  drills  formed 
from  0.16-mm  steel  wire.  A  pile  of  the  disks  was  placed  in  the  jig 
illustrated  in  Figure  3  (a)  and  four  equally  spaced  holes  were  drilled. 
The  insertion  of  a  piece  of  the  wire  used  for  drills  in  one  hole  before 
removal  of  the  disks  from  the  jig  made  it  possible  to  thread  the  whole 
pile  of  disks  onto  the  ends  of  the  leads  as  a  unit.  After  the  requisite 
number  of  disks  had  been  threaded  on,  the  leads  were  put  under 
tension  and  each  disk  slid  singly  into  the  desired  position,  the  spacing 
used  being  about  5  to  10  mm.  A  short  copper  wire  was  silver  soldered 
or  welded  to  one  end  of  each  of  the  gold  leads  for  convenience  in  later 
sealing  the  thermometer  head  with  soft  solder,  and  one  of  the  short 
platinum  leads  on  the  thermometer  coils  was  welded  to  the  other  end. 
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Since  some  of  these  thermometers  were  to  be  used  in  an  inverted 
position  and  would  probably  come  in  contact  with  oil,  it  was  desirable 
to  avoid  the  use  of  cement  or  wax  for  sealing.  The  method  of  bringing 
the  internal  leads  out  through  the  Pyrex  tube  is  shown  in  Figure  3  (b). 
Four  platinum  disks  0.02  or  0.03  mm  thick  were  beveled  at  the  edge 
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Fkjure  3.  —  Construction  of  leads  and  head 


by  running  through  rolls  and  curled  to  fit  the  glass  tube.  These  were 
temporarily  held  m  place  by  a  clamp  of  nichrome  wire  and  fused  to 
the  glass  as  described  by  Housekeeper.2  It  was  found  that  the  forma- 
tion of  bubbles  under  the  platinum  could  be  minimized  by  keeping  the 
work  far  out  in  the  flame.  The  addition  of  some  oxygen  to  the  air 
supplied  to  the  torch  was  also  found  advantageous  for  Pyrex.  Holes 
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through  the  platinum  and  glass  were  made  at  the  centers  of  the  disks 
with  a  hot  tungsten  wire.  Benton  3  used  a  hot  platinum  wire  for 
perforating  glass,  hut  tungsten  has  the  advantage  of  being  stiffer 
and  forming  an  oxide  which  does  not  readily  stick  to  the  giass. 

The  short  copper  wires  at  the  end  of  the  ^old  leads  were  threaded 
through  the  holes,  which  were  then  closed  with  soft  solder.  Caution 
must  be  used  in  soldering;  a  hot  iron  must  not  be  applied  to  the  cold 
glass  lest  the  platinum  be  loosened.  The  external  leads  were  then 
attached  as  in  Figure  3  (c).  The  assembled  head  is  shown  in  Figure 
3  (d). 

The  thermometers  were  filled  through  the  bulb  end  with  dry  helium 
at  various  pressures  less  than  1  atmosphere  and  sealed. 

IV.  CHARACTERISTIC  PROPERTIES  OF  THE  THER- 
MOMETERS 

As  is  to  be  expected,  the  values  for  the  resistance  in  ice,  steam,  and 
sulphur  have  the  same  proportions  as  for  p  revious  thermometers  in 
which  platinum  of  the  same  purity  was  used. 
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Figure  4. — Comparison  of  coiled-filament  thermometer  with  ordinary 

platinum  resistance  thermometer 

To  determine  whether  the  readings  of  a  coiled-filament  ther- 
mometer deviated  appreciably  from  those  of  thermometers  previously 
used,  such  a  thermometer  (No.  2)  was  compared  in  the  range  200° 
to  320°  C.  with  Cn,  a  thermometer  of  the  customary  design  as  de- 
scribed by  Sligh.  During  this  comparison  the  thermometers  were 
immersed  in  a  stirred  oil  bath  of  uniform  temperature. 

In  Figure  4  the  difference  in  centigrade  degrees  obtained  by  sub- 
tracting the  readings  of  the  coiled-filament  thermometer  from  those 
of  CM  are  plotted  as  ordinate  with  the  temperature  as  abscissa.  The 
differences  are  no  greater  than  might  be  expected  in  this  region  between 
two  thermometers  of  the  customary  design.  Each  circle  represents 
the  mean  of  the  observations  at  a  given  temperature  while  the  vertical 
line  through  the  circle  represents  the  spread  of  the  observations.  A 
curve  of  differences  should  by  definition  pass  through  zero  at  100° 
and  at  444°  C,  but  experimental  errors  in  calibration,  especially  at  the 
latter  point,  probably  introduce  considerable  differences  on  the  scale 
chosen  in  Figure  4,  hence  no  attempt  has  been  made  to  draw  such  a 
curve.  It  may  be  concluded  that  the  coiled-filament  winding  intro- 
duces no  appreciable  peculiarity  in  the  readings  of  the  thermometer. 

Since  winding  the  wire  in  a  helix  reduces  the  effective  area  for  heat 
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transfer  between  the  thermometer  and  its  surroundings,  it  is  to  be 
expected  that  the  thermometric  lag  will  be  thereby  increased,  as  well 
as  the  temperature  difference  between  the  thermometer  coil  and  its 
surroundings  necessary  to  dissipate  the  heat  generated  by  the  meas- 
uring electric  current. 


Measurements  of  the  apparent  resistance  in  an  ice  bath  for  several 
values  of  measuring  current  show  that  this  temperature  difference  is 
proportional  to  the  square  of  the  current,  and  for  1.5  ma  through  a 
25  ohm  coil  5  mm  in  diameter  and  2  cm  long  is  about  0.004°C.  when 
air  filled  and  0.001°  C.  when  helium  filled.  In  the  paper  by  Sligh 
already  mentioned  the  temperature  difference  for  the  larger  type  of 
thermometer  filled  with  air  is  given  as  0.001°  C.  for  a  current  of  1.5  ma. 

With  the  use  of  currents  up  to  5  ma  the  ratio  between  this  tempera- 
ture difference  and  the  power  input  in  the  thermometer  may  be 
determined  with  sufficient  accuracy  so  that  variations  with  time  in  this 
ratio  may  be  used  as  a  measure  of  air  leakage  into  the  thermometer 
tube.  One  thermometer  of  the  type  described  filled  with  helium  at 
about  40  mm  absolute  pressure  has  shown  no  appreciable  leakage  over 
a  period  of  two  years. 


The  author  wishes  to  thank  H.  F.  Stimson,  F.  R.  Caldwell,  and  others 
for  valuable  suggestions  and  assistance  in  the  construction  of  these 
thermometers,  and  E.  F.  Fiock  for  the  data  given  in  Figure  4. 

Washington,  September  1,  1932. 
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DEFLECTION  OF  COSMIC  RAYS  BY  A  MAGNETIC  FIELD 

By  L.  F.  Curtiss 


ABSTRACT 


A  continuation  of  earlier  experiments  on  this  subject  (Phys.  Rev.,  vol.  34,  p. 
1931,  1929;  vol.  35,  p,  1433,  1930),  gives  decisive  evidence  that  a  considerable 
fraction  of  an  unfiltered  cosmic-ray  beam  can  be  deviated  by  a  magnetic  field  of 
7,000  gauss.  Using  four  Geiger-Muller  tube  counters,  coincidences  were  observed 
with  and  without  a  magnetic  field.  The  arrangement  was  such  that  electrons  in 
the  beam,  possessing  energies  corresponding  to  109  volts  or  less,  could  be  pre- 
vented from  producing  coincidences.  Observations  were  made  for  a  total  of 
615  hours  without  the  field  and  508  hours  with  the  field,  in  alternating  periods  of 
about  48  hours.  The  average  number  of  coincidences  without  the  magnetic  field 
was  found  to  be  1.31  ±0.09  per  hour  and  with  the  magnetic  field  0.88  ±0.14  per 
hour.  This  indicates  that,  for  approximately  70  per  cent  of  the  cosmic-ray  par- 
ticles, the  deviation  is  less  than  that  for  10*  volt  electrons.  This  harder  portion 
of  the  beam  may  contain,  in  addition  to  electrons  of  higher  energy  than  10  • 
electron  volts,  protons  of  5  X  10  s  electron  volts  and  neutrons.  These  data  indi- 
cate that  the  results  obtained  by  Rossi  (Nature,  vol.  128,  p.  300;  1931)  and  of 
Motth-Smith  (Phys.  Rev.,  vol.  37,  p.  1001 :  1931),  showing  no  effect  of  the  mag- 
netic field,  were  affected  by  scattering  or  absorption  in  the  iron  core  in  which  the 
magnetic  field  was  produced. 


In  a  letter1  to  the  Physical  Review  for  November,  1929,  a  report 
was  made  of  experiments  with  Geiger-Muller  tube  counters  which 
seemed  to  show  that  cosmic  rays  consisted,  in  part  at  least,  of  electri- 
cally charged  particles  which  could  be  deflected  by  a  magnetic  field. 
These  observations  were  made  with  a  pair  of  tube  counters,  the  coin- 
cidences between  which  were  observed  by  making  simultaneous 
records  on  a  paper  tape  with  dotting  pens  actuated  bv  the  counters 
through  amplifiers.  Although  qualitatively  there  was  indication  of  a 
decrease  on  applying  a  magnetic  field  between  the  counters,  the 
method  was  too  crude  to  serve  as  a  basis  for  a  definite  decision  of  the 
point  in  question. 

The  experiments  were,  therefore,  repeated,  using  the  vacuum  tube 
circuit  developed  by  Bo  the 3  for  resolving  coincidences  electrically  and 
following  the  suggestion  by  Tuve3  of  using  more  than  two  counters 
so  that  a  more  sharply  denned  beam  of  cosmic  rays  may  be  studied. 

>  Phys.  Rev.jTol.  34.  p.  1391,  1929. 
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These  experiments  were  made  with  three  counters,  the  results  of  which 
were  reported  to  the  Physical  Society4  in  April,  1930.  These  data 
also  pointed  to  a  magnetic  deviation  of  a  part  of  the  cosmic-ray  beam. 
A  decrease  of  the  order  of  25  per  cent  in  coincidence  was  observed  on 
applying  a  magnetic  field  of  7,000  gauss  to  the  path  of  the  rays 
between  two  of  the  counters.  These  observations  were  made  with 
considerable  difficulty.  The  counters  were  necessarily  of  a  small 
size,  since  they  could  be  no  longer  than  the  air  gap  of  the  electromag- 
net (5  cm).  This  reduced  the  sensitivity  of  the  arrangement,  requir- 
ing, therefore,  long  periods  of  observation.  Much  trouble  was  also 
encountered  with  the  Bothe  screen  grid  vacuum  tube  circuit  as  modi- 
fied for  use  with  three  counters.  An  even  more  serious  source  of 
trouble  and  possible  error  was  discovered  when  it  was  noticed  that 
the  counters  themselves  are  very  considerably  affected  by  changes  of 
temperature.  Sealed  counters,  described  elsewhere,*  were  used  for 
these  experiments.  The  rate  of  counting  at  a  given  voltage  falls  off 
rapidly  as  the  temperature  is  increased.  Some  counters  have  been 
found  to  cease  counting  entirely  when  their  temperature  is  raised  10° 
or  15°.  This  effect  has  not  been  investigated,  but  it  is  presumably 
caused  by  the  increase  of  vapor  pressure  of  nonpermanent  gases  and 
more  volatile  substances  present  in  the  partially  exhausted  counters. 
It  could  easily  falsify  observations  made  with  the  magnetic  field,  since 
the  temperature  of  the  windings  of  the  electromagnet  rises  consider- 
ably during  the  prolonged  periods  of  observations,  causing  the  tem- 
perature oi  some  of  the  counters  to  rise  also. 

Another  disturbing  condition  in  the  former  experiments  was  the 
presence  in  the  building  of  several  grams  of  radium  which,  although 
stored  at  some  distance  in  a  safe  with  lead  walls  6  inches  thick,  never- 
theless increased  the  rate  of  counting.  This  penetrating  radiation 
could  not  be  screened  off  readily  and  was  responsible  for  a  large  num- 
ber of  accidental  coincidences,  these  being  proportional  to  the  rate  of 
counting  of  each  counter. 

Interest  in  the  question  of  the  magnetic  deviation  of  cosmic  rays 
was  increased  by  the  reports  made  by  Rossi 6  and  by  Mott-Smith  7 
that  no  deflection  was  observed  when  cosmic  ray  beams  pass  through 
magnetized  iron.  It  is  of  importance  to  make  certain  of  the  earlier 
results.  Therefore  the  investigation  has  been  continued  under  im- 
proved conditions  designed  to  eliminate  as  far  as  possible  difficulties 
and  sources  of  error  encountered  in  the  earlier  experiments.  This 
naper  gives  an  account  of  the  results  which  have  been  obtained. 

II.  EXPERIMENTAL  ARRANGEMENT 

The  most  annoying  difficulties  encountered  in  the  previous  experi- 
ments arose  from  the  presence  of  a  relatively  large  number  of  acci- 
dental coincidences  and  from  changes  in  counting  rate  due  to  temper- 
ature changes.  Particular  attention  was  given  to  the  elimination  of 
these  disturbances. 

Considerable  reduction  in  the  number  of  accidental  coincidences 
was  effected  by  the  removal  of  the  apparatus  from  the  building  in  which 

•  Phys.  Rev.,  vol.  35.  p.  1433,  1930. 

•  B.  S.  Jour.  Rrsrarch,  vol.  4  (RP  1«5).  p.  5W,  1930. 

•  B.  Road.  Nature,  vol.  128.  p.  300.  1031. 

'  L  M.  Mott-Smlth,  Phys.  Rev.,  vol.  37.  p.  1001,  1931 
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radium  is  stored.  Since  the  accidentals  are  proportional  to  the  product 
of  the  rate  of  the  individual  counters,  the  importance  of  this  change, 
which  reduces  simultaneously  the  rate  of  all  counters,  is  obvious.  It 
seemed  desirable,  however,  to  reduce  these  accidentals  even  further, 
in  view  of  the  long  periods  covered  by  the  observations.  At  most, 
only  a  few  genuine  coincidences  per  hour  could  be  expected  so  that 
it  was  desirable  to  reduce  as  far  as  possible  the  probability  of  any 
accidental  coincidences. 

The  most  effective  method  of  reducing  accidentals  is  to  increase  the 
number  of  counters.  Accordingly  a  fourth  counter,  added  to  the 
previous  arrangement,  had  the  desired  effect  of  reducing  the  acci- 
dental coincidences  practically  to  zero.  The  advanatge  01  additional 
counters  can  best  be  shown  by  computing  the  accidentals  for  the  case 
of  two  and  four  counters  under  otherwise  similar  conditions.  For 
two  counters  the  expected  number,  E,  of  accidentals  is  given  by 

E=  2  Ni  N2  r 

where  Nx  is  the  average  rate  of  counting  of  the  first  counter,  N2  the 
rate  for  the  second,  and  r  is  the  "resolving  power"  of  the  apparatus 
used  to  detect  coincidences.  Putting  ^  =  ^  =  30  per  minute  and 
t  =  10~3  sec.,  E  becomes  1.7  per  hour.   For  the  case  of  four  counters 

E=2Z  Ni  N2  N2  N4  r3 

Putting  Ni  =  N2  =  N2  =  N4  =  30  per  minute  and  t=10~3  sec.,  E  drops 
in  this  case  to  1  coincidence  in  about  70  years.  Consequently  it  is 
safe  to  assume  in  general  that  a  circuit  using  four  counters  only 
responds  to  the  passage  of  an  ionizing  particle  through  all  four  counters. 
A  possible  exception  will  be  mentioned  in  the  discussion  of  the  results. 

The  vacuum  tube  circuit  devised  by  Rossi 8  was  adopted,  since  it  is 
simpler  and  easier  to  operate  when  extended  to  four  counters  than  anv 
other  arrangement  which  has  been  tried.  The  details  of  the  circuit 
are  shown  in  Figure  1 .  The  output  was  connected  to  a  telegraph  relay 
which  actuated  electrically  a  dial  counter.  Switches  were  arranged  to 
shunt  out  any  three  counters  by  applying  a  negative  voltage  to  the 
grids  of  the  three  vacuum  tubes  connected  with  these  counters.  In 
this  way  the  rate  of  counting  of  the  fourth  alone  could  be  observed 
directly,  making  possible  a  frequent  check  of  the  rate  and  sensitivity 
of  each  counter. 

To  eliminate  errors  arising  from  changes  in  temperature  each 
counter  was  inclosed  in  a  thermally  insulated  box  containing  a  heating 
coil  and  thermostat  capable  of  maintaining  the  temperature  constant 
to  within  a  few  tenths  of  a  degree.  The  electromagnet  and  counters 
were  also  inclosed  so  that  their  temperature  could  be  kept  uniform  bv 
rapid  circulation  of  the  air  by  means  of  an  electric  fan.  A  small  rad- 
ium preparation  inclosed  in  lead  was  used  to  test  the  sensitivity  to 
penetrating  7-rays. 

The  geometrical  arrangement  of  the  counters  with  respect  to  the 
poles  of  the  electromagnet  is  shown  in  Figure  2,  which  is  drawn  to 
scale.  The  air  gap  between  the  poles,  5  cm  long,  determined  the  use- 
ful length  of  the  counters.  Observations  were  made  with  a  magnetic 

•  B.  Rossi,  Nature,  to!.  125,  p.  136,  1930. 
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field  in  the  air  gap  of  7,000  gauss,  determined  from  a  calibration  curve. 
As  indicated  by  the  dotted  lines  across  the  end  view  of  the  pole  face, 
a  beam  of  109  volt  electrons  would,  with  this  arrangement,  bo  deviated 
just  sufficiently  to  miss  the  lower  counter. 

The  experiments  were  carried  out  under  a  thin  wooden  roof  with  no 
other  filtering,  so  that  the  softer  components  of  the  cosmic  radiation 
are  included  m  the  observations.  Since  the  walls  of  the  counters  were 
of  steel,  approximately  1  mm  thick,  and  a  particle  to  produce  one 
coincidence  would  have  to  traverse  7  mm  of  steel,  beta-radiation  of 
radioactive  origin  could  produce  very  few  systematic  coincidences. 
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Figure  2.  —Plan  of  arrangement  of  counters  vrith  respect  to  poles 

of  electromagnet 

Cu  Ctf  Ct,  G-Oeiger-M  Oiler  tube  counters.   PP- po\ee  of  electromagnet. 

Actual  observations  were  preceded  by  a  careful  study  of  the  operat- 
ing characteristics  of  each  counter,  making  it  possible  to  select  for  each 
an  operating  temperature  such  that  all  four  could  be  run  at  the  same 
voltage.  A  small  110- volt  alternating-current  generator  driven  by  a 
synchronous  motor,  having  its  output  stepped  up  by  a  transformer  to 
about  1,100  volts,  supplied  this  voltage.  All  parts  of  this  circuit 
were  inclosed  and  kept  at  a  constant  temperature. 

III.  OBSERVATIONS 

The  experiments  were  undertaken  primarily  to  determine  whether 
or  not  cosmic-ray  particles  could  be  deflected  by  a  magnetic  field. 
Accordingly,  the  procedure  adopted  in  taking  observations  was  to 
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record  the  number  of  coincidences  for  several  hours  in  the  absence  of 
the  magnetic  field  and  then  to  take  a  similar  record  with  the  field 
applied.  This  method  does  not  permit  a  study  of  the  direction  of 
deflections  to  determine  the  sign  01  the  charge  carried  by  the  particles. 
The  small  size  of  the  counters  made  long  periods  of  observation  neces- 
sary so  that  it  was  decided  to  settle  first,  if  possible,  the  question  of  the 
existence  of  a  deflection. 

A  summary  of  observations  is  given  in  the  following  table. 
Although  in  some  cases  uninterrupted  series  of  observations  of  a  week 
or  more  were  possible,  interruptions  frequently  occurred.  A  failure 
of  any  part  of  the  complicated  arrangements  was  cause  for  the  rejec- 
tion of  the  record  taken  since  the  last  time  it  was  known  to  be 
functioning  properly.  The  chief  difficulty  arose  from  temperature 
variations  of  the  room  which  was  in  an  unheated  building.  These 
variations  were  sometimes  too  sudden  or  too  great  for  the  temperature 
controls  to  cope  with. 

As  the  table  shows,  observations  were  made  for  a  total  of  636.5 
hours  with  no  magnetic  field  and  for  a  total  of  508  hours  with  a 
magnetic  field  of  7,000  gauss.  The  average  number  of  coincidences 
without  the  field  was  1.31  ±  0.09  per  hour  and  with  the  field  0.88  ±0.14 
per  hour.  Although,  as  to  be  expected  under  the  circumstances,  there 
was  a  considerable  fluctuation  in  the  number  of  coincidences  per  hour 
between  individual  periods  of  observation,  there  can  be  very  little 
doubt  that  there  were  fewer  coincidences  when  the  field  was  applied. 
The  amount  of  this  decrease,  as  shown  by  the  above  data,  was 
approximately  30  per  cent. 

Table  1.  —  Record  of  observation* 


June  2o-25. 
June  25-29. 


July  5-0  

Inly  7-8  

fuly  15-1*>. .  . 
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IV.  DISCUSSION 

Although  the  figures  given  represent  only  a  preliminary  approach 
to  the  study  of  the  magnetic  deviation  of  cosmic-ray  particles,  certain 
conclusions  concerning  the  energy  and  character  of  the  cosmic-ray 
particles  can  be  drawn  from  them.  Referring  to  Figure  2,  it  is  seen 
that  a  beam  of  electrified  particles  consisting  of  electrons  of  energy 
greater  than  10  •  electron  volts  or  protons  of  energy  greater  than 
5X10 8  electron  volts  will  be  detected  in  the  undeflected  beam  when 
the  magnetic  field  is  applied.  This  represents  70  per  cent  of  the  cosmic 
rays  according  to  the  figures  given  aoove.  If  these  undeflected  par- 
ticles have  no  charge,  these  experiments  reveal  nothing  concerning 
their  energy.  The  results  could  then  be  explained  quite  simply  by 
assuming  that  the  primary  cosmic-ray  beam  consists  of  neutrons. 
One  of  the  characteristics  of  the  neutron,  known  at  present,  is  its 
ability  to  transmit  high  velocities  to  protons  and,  to  a  lesser  extent, 
to  electrons.  Thus,  a  beam  of  neutrons  penetrating  our  atmosphere 
should  be  accompanied  by  protons  and  electrons  with  high  velocities. 
From  the  results  obtained  by  Dee9  and  by  Feather,10  one  would 
expect  the  protons  to  predominate.  Thus,  if  it  could  be  shown  that, 
of  the  30  per  cent  of  the  beam  that  shows  a  deflection,  the  protons 
greatly  exceed  the  electrons  in  number,  it  could  be  taken  as  an  indi- 
cation of  the  existence  of  neutrons  in  the  cosmic-ray  beam.  A  more 
direct  attack  would  be  to  determine  the  loss  of  particles  for  various 
strengths  of  magnetic  fields  up  to  the  values  greatly  in  excess  of  that 
used  in  the  present  experiments.  It  seems  reasonable  to  suppose  that 
under  such  conditions  a  point  should  be  found  where  an  increase  of 
strength  of  the  magnetic  field  produced  no  further  loss  of  particles. 
The  deviability  to  be  expected  for  a  neutron  moving  in  a  magnetic 
field  depends  upon  the  structure  assumed  for  the  neutron.  As 
pointed  out  by  Huff,11  the  model  proposed  by  Pauli  mav  be  deflected 
in  a  nonhomogeneous  magnetic  field.  However,  this  deflection  is  of 
observable  magnitude  only  when  the  neutron  is  traveling  at  low  speeds 
when  it  would  probably  not  ionize  at  all.  Consequently,  a  beam  of 
neutrons,  having  the  high  velocities  necessary  to  account  for  cosmic- 
ray  phenomena,  could  not  be  distinguished  by  a  magnetic  experiment 
from  a  beam  of  photons. 

In  making  an  attempt  to  interpret  the  apparent  existence  of  an 
undeflected  beam  of  cosmic  rays  amounting  to  approximately  70  per 
cent  of  the  total  radiation,  the  possibility  of  psuedo  coincidences  must 
be  considered.  Such  coincidences  are  caused  by  the  simultaneous 
ejection  of  several  secondary  particles  by  a  single  cosmic  ray  in  such 
a  way  that  separate  secondary  particles  traverse  different  counters  at 
the  same  time.  Such  an  effect  nas  been  demonstrated  experimentally 
by  Rossi  "  and  by  Johnson  and  Street.13  If  an  appreciable  number 
of  the  coincidences  observed  in  the  present  experiments  were  produced 
in  this  way,  it  would  be  difficult  to  arrive  at  any  satisfactory  inter- 
pretation of  the  results  obtained.  It  is  easy  to  see  in  a  general  way 
that  this  could  not  be  true,  since  the  effect  is  only  readily  detectable 
when  masses  of  absorbing  material  of  high  atomic  number  (that  is, 

•  P.  I.  Dee,  Proc.  Roy.  Soc.,  vol.  130,  p.  727,  1W2. 
»•  N.  Feather,  Proc.  Roy.  Soc.,  vol.  136,  p.  Toy,  i«i2. 
»»  Huff,  L.  D.,  Phys.  Kev.,  vol.  38.  p.  2202,  1032. 
»  Rossi,  B.,  Phys.  ZS.  vol.  33,  p.  304,  11)32. 

>»  Johnson,  T.  H.,  and  Street,  /.  C,  Phys.  Rev.,  vol.  40,  p.  «38, 1M2. 
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lead)  are  placed  slightly  above  and  in  the  immediate  neighborhood  of 
the  counters.  The  secondary  particles  which  cause  the  pseudo  co- 
incidences are  projected  mainly  m  the  direction  of  the  primary  radia- 
tion which  has  its  maximum  of  intensity  in  the  vertical  direction. 
In  the  present  experiments  the  onlv  large  mass  of  heavy  material,  the 
iron  of  the  electromagnet,  was  below  all  except  one  of  the  counters. 
There  was  no  absorbing  material  of  high  atomic  number  above  the 
counters.  Nevertheless  it  is  important  to  make  certain  of  this  by  an 
experimental  determination  of  the  probable  number  of  coincidences 
which  might  be  caused  by  this  effect.  Observations  extending  over 
several  weeks  were  made  in  which  one  of  the  counters  was  placed 
entirely  out  of  line  from  the  others  but  near  to  its  original  position. 
The  average  number  of  coincidences  under  these  conditions  was  found 
to  be  0.15  per  hour.  Although  representing  about  10  per  cent  of  the 
total  number  of  coincidences  observed  with  no  magnetic  field,  this 
figure  is  but  slightly  greater  than  the  experimental  error.  Thus  it 
seems  that  the  effect  under  discussion  presumably  did  not  contribute 
appreciably  to  the  coincidences  observed  when  all  four  counters  were 
in  line. 

The  fact  that  a  large  proportion  of  the  cosmic  rays  appear  to  be 
less  deviable  than  10*- volt  electrons  seems  to  offer,  when  considered 
in  connection  with  the  suggestion  made  by  Johnson,14  and  explanation 
for  the  failure  of  Rossi,16  and  of  Mott-Smith  19  to  obtain  evidence  of 
a  deflection  when  allowing  the  cosmic  rays  to  pass  through  magne- 
tized iron.  The  results  given  above  show  that  only  the  softer  30 
per  cent  of  the  cosmic  rays  could  be  expected  to  show  an  effect.  This 
is  the  portion  of  the  beam  most  easily  absorbed  or  scattered.  The 
scattering  of  particles  in  this  portion  of  the  beam  may  be  sufficient, 
when  passing  through  several  centimeters  of  iron,  to  prevent  any  of 
these  particles  from  producing  a  systematic  coincidence. 

It  is  of  interest  to  compare  the  results  obtained  here  with  some  of 
the  more  recent  investigations  which  offer  a  basis  of  comparsion.  The 
remarkable  photographs  obtained  by  Anderson  17  of  cosmic  ray  par- 
ticles in  a  Wilson  chamber,  in  the  presence  of  a  magnetic  field,  exhibit 
particles  showing  a  wide  range  of  magnetic  deviations.  From  the 
analysis  of  these  photographs  which  he  gives  it  is  seen  that  of  a  total 
of  64  observed  particles,  58  have  energies  over  10  X  10*  electron  volts 
and  could  be  expected  to  produce  coincidences  through  7  mm  of  steel. 
Only  13  of  these  58  particles  have  energies  greater  than  400  X106 
electron  volts  and  might,  therefore,  be  considered  to  form  a  part  of 
the  undeflected  beam  in  the  present  experiments.  These  particles 
are  of  the  energy  range  where  accurate  measurements  of  the  Wilson 
photographs  are  difficult  and,  therefore,  there  may  be  considerable 
error  m  this  estimate.  On  this  basis  only  about  25  per  cent  of  the 
cosmic-ray  beam  should  have  been  undeflected  in  the  present  experi- 
ments as  opposed  to  about  70  per  cent  observed.  Even  allowing  for 
the  low  precision  of  the  observations  of  coincidences,  this  discrepancy 
appears  to  be  genuine,  and  points  to  the  existence  of  high-energy 
cosmic-ray  particles  of  an  ionizing  power  sufficient  to  actuate  a  tube 
counter  but  difficult  to  distinguish  in  a  Wilson  photograph.  This 
assumption  is  also  supported  to  some  extent  by  the  experiments  of 

  ■  —  ■■  -  .  —  -    -  - — -- ■  ■  —      —  - 

>♦  Johnson.  T.  H.,  Phys.  Rev.,  vol.  40,  p.  468.  1932. 
'»  See  footnote  6,  p.  815. 

See  footnote  7,  p.  810. 
"  Anderson,  C.  D.,  Phys.  Rev.,  vol.  41,  p.  405.  1932. 
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Johnson,  Fleisher,  and  Street,18  in  which  Wilson  photographs  were 
taken  only  when  coincidences  occurred  between  the  two  tube  counters. 
Although,  in  the  absence  of  exact  information  regarding  geometrical 
arrangements  and  number  of  possible  accidental  coincidences,  no 
definite  conclusion  can  be  drawn,  it  is  significant  that  a  considerable 
number  of  photographs  showed  no  tracks. 
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ABSTRACT 

The  phase  equilibrium  diagram  for  the  system  CaO-BjOj  has  been  partially 
worked  out  by  means  of  heating  curves.  Completion  of  the  diagram  was  im- 
possible because  the  melting  point  of  BaOi  could  not  be  determined,  while  that 
of  CaO  was  beyond  the  range  of  the  apparatus.  The  following  compounds  were 
identified  and  their  optical  properties  determined  with  the  petrographic  micro- 
scope: CaO  2BaO,,  melting  at  986° ±5°  C;  CaO  BaO,,  melting  at  1,154° ±5°  C; 
2CaO  B,Oj,  melting  at  1,298° ±5°  C;  and  3CaO  BjOl  melting  at  1,479° ±5°  C. 
Mixtures  containing  less  than  23  per  cent  CaO  were  found  to  separate,  on  fusion, 
into  two  liquid  layers,  one  of  which  contained  23  per  cent  CaO,  while  the  other 
was  nearly  pure  B|03.    This  immiscibility  region  extended  above  1,500°  C. 
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I.  INTRODUCTION 

The  study  of  this  system  was  undertaken  as  a  preliminary  to  a 
study  of  part  of  the  ternary  system,  CaO-B2Os-Si02,  the  purpose 
of  the  latter  being  to  determine  the  effect  of  the  addition  of  small 
amounts  of  B203  to  the  calcium  silicates  found  in  Portland  cement. 
It  is  hoped,  however,  that  the  results  of  the  investigation  of  the 
binary  system,  CaO-B203l  may  also  prove  of  interest  in  connection 
with  the  production  of  dazes  and  other  ceramic  materials. 

Very  little  work  has  been  done  on  the  anhydrous  calcium  borates 
in  recent  years,  and  much  of  the  earlier  data  is  conflicting  or  incon- 
clusive. The  first  comprehensive  study  of  the  system  CaO-B203 
was  made  by  W.  Guertler,1  who  constructed  the  liauidus  diagram 
through  the  use  of  cooling  curves.  He  found  maxima  at  1,030°,* 
1,095*,  and  1,225°,  corresponding  to  the  compounds  CaO-2B203, 
CaOB203,  and  2CaOB203,  respectively.  Due  to  the  limitations  of 
his  apparatus,  he  was  unable  to  go  much  beyond  the  last  of  these, 
although  he  argued  from  analogy  with  the  system  BaO-Ba03  that 
the  compound  3CaO-B203  should  exist.    Due  to  the  excessive  super- 

»  Guertler,  On  the  Melting  Point*  of  Mixtures  of  the  Alkaline  Earths  with  Boric  Anhydride,  Z.  anorg. 
(  hem.,  vol.  40,  pp.  337-3M.  19W. 
»  AH  temperatures  given  in  °C.  unless  otherwise  stated. 
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cooling  which  occurs  in  this  system,  the  accuracy  of  his  results  is 
somewhat  doubtful. 

The  four  borates  mentioned  have  since  been  prepared  by  R. 
Griveau,3  who  also  studied  their  heats  of  formation.  He  gives  the 
values  1,025°,  1,100°,  and  1,215°  as  the  approximate  melting  points 
of  the  compounds  CaO -2  B2Oa,  CaO  Ba03,  ana  2CaO  B203,  respectively. 
Roberts  4  reported  a  melting  point  of  1,304°  for  2CaO  B203.  Optical 
properties  for  the  metaborate,  CaO  B203,  are  given  by  A.  N.  Winchell.5 

Burgess  and  Holt *  reported  that  CaO  is  insoluble  in  B203  in  small 
quantities,  but  if  present  in  larger  amounts  the  mixture  fuses  to  a 
clear  glass.  Guertler7  found  that  a  fused  mixture  of  B203  and  a 
small  amount  of  CaO  separated  into  two  liquid  layers  which  were 
immiscible  even  at  1,400°. 

The  melting  point  of  pure  CaO  was  placed  at  2,572°  by  Kanolt,8 
and  at  2,849°  K.  (2,576°  C.)  bv  Schumacher.9  The  melting  point  of 
boric  oxide  is  unknown,  as  this  compound  has  never  been  obtained 
in  crystalline  form. 

Because  of  the  absence  of  optical  data  for  most  of  the  calcium 
borates,  as  well  as  the  conflicting  nature  of  the  melting-point  data,  it 
seemed  desirable  to  make  a  study  of  the  system  CaO-B203,  tracing 
the  liquidus  as  far  as  possible  and  determining  the  optical  properties 
of  the  various  phases  appearing  in  the  system. 

The  general  plan  followed  was  to  prepare  mixtures  of  CaO  and  B208 
in  varying  proportions  and  to  determine  their  melting  points  by  means 
of  heating  curves.  The  phases  existing  in  equilibrium  with  the  melt 
at  the  liquidus  were  identified  by  petrographic  examination  of  samples 
quenched  from  various  temperatures  near  the  liquidus. 

II.  EXPERIMENTAL  WORK 
1.  PREPARATION  OF  MIXTURES 

Calcium  carbonate  (CaC03)  and  boric  acid  (H3B03)  were  used  in 
the  preparation  of  the  mixtures.  The  percentage  composition  of  the 
calcium  carbonate  was  as  follows:  Ignition  loss,  43.65;  SiOa,  0.07; 
R203,  0.04;  MgO,  0.04;  CaO  (by  difference),  56.20.  The  boric  acid 
was  analyzed  only  for  impurities  (analysis  by  chemistry  division  of 
this  bureau),  which  were  reported  as  follows:  Fe,  < 0.001  per  cent;  S03, 
<0.01  per  cent;  CI,  < 0.001  per  cent.  This  material  was  recrystal- 
lizcd  in  order  to  render  it  finer,  as  it  was  difficult  to  pulverize  the 
flakes  by  grinding. 

For  each  mixture  the  calculated  amount  of  calcium  carbonate  was 
first  calcined  and  then  thoroughly  mixed  with  the  required  quantity 
of  boric  acid  and  heated  over  a  burner  (Meker  type).  The  materials 
combined  readily  to  form  a  mixture  sufficiently  homogeneous  for  the 

»  Oriveau,  Heats  o!  Formation  of  the  Anhydrous  Caldum  Borates,  Cotnpt.  rand.,  vol.  168,  pp.  993-995 
1018. 

•  Roberts,  Some  New  Standard  Melting  Points  at  High  Temperatures,  Pbys.  Rev.,  vol.  23,  pp.  386-395, 
1924. 

•  A.  N.  Winchell,  The  Optic  and  Microscopic  Characters  of  Artificial  Minerals.  Univ.  of  Wisconsin 
Studies  in  Science,  1924. 

•  Burgess  and  Uolt,  The  Behavior  of  Metallic  Oxides  Toward  Fused  Boric  Anhydride,  Proc.  Chem 
8oc,  vol.  19,  pp.  221-222,  1903. 

'GuerUer,  On  the  Limits  of  Miscibility  of  Boric  Anhydride  and  Borates  in  the  Fused  8tat«.  Z.  anorg. 
Chem.,  vol. 40, pp. 225-53, 1904. 

•  Kanolt,  Melting  Points  of  Some  Refractory  Oxides.  B.  S.  Bull.,  vol.  10.  pp.  295-313,  1914. 

•  Schumacher.  Melting  Points  of  Barium,  Strontium,  and  Calcium  Oxides,  J.  Am.  Chem.  Soc,  vol.  4g, 
pp.  396-405,  1926- 


Digitized  by  Google 


caruon)  The  System:  CaO-B209  827 

purpose  for  which  it  was  intended.  The  product  varied  in  appearance 
from  a  glass  to  a  soft  clinker,  depending  on  the  compostion.  In 
some  instances  a  test  for  free  lime  was  made  by  the  ammonium 
acetate  titration  method,10  but  no  free  lime  was  found  except  in  one 
mixture  containing  CaO  in  excess  of  3CaOB20,v 

2.  ANALYSIS  OF  MIXTURES 

Due  to  the  loss  of  boric  acid  by  volatilization  during  the  preparation 
of  the  mixtures,  it  was  necessary  to  analyze  the  product  in  each  case. 

CaO  was  determined  by  titration  with  half-normal  hydrochloric 
acid,  using  methyl  red  as  indicator.  The  acid  also  served  as  a  solvent 
for  the  sample,  as  the  calcium  borates  are  only  slightly  soluble  in 
water.  The  B2Oa  was  then  determined  on  the  same  sample  by  adding 
mannite  and  titrating  with  half-normal  sodium  hydroxide  to  the  end 
point  indicated  by  phenolphthalein. 

In  general,  it  was  found  that  mixtures  containing  an  excess  of  either 
uncombined  lime  or  boric  oxide  were  hygroscopic,  while  the  others 
showed  low  ignition  losses.  The  moisture  present  was  of  no  signifi- 
cance, since  it  was  expelled  when  the  samples  were  heated  in  the  fur- 
nace. Consequently  the  percentages  of  CaO  and  B2O3  were  in  all 
cases  adjusted  so  as  to  total  100  per  cent  on  a  nonvolatile  basis. 

Although  free  boric  oxide  is  somewhat  volatile  at  high  temperatures, 
it  was  found  by  analysis  that  no  appreciable  loss  of  B203  occurred 
when  the  mixtures,  prepared  as  described  above,  were  subsequently 
used  in  obtaining  heating  curves. 

3.  EXPERIMENTAL  PROCEDURE 

The  melting  points  of  the  various  mixtures  were  determined  by 
means  of  heating  curves.  F<w  this  purpose  a  platinum-wound, 
vertical-tube  furnace,  equipped  with  automatic  temperature  control," 
wa?  used.  Temperatures  were  measured  by  means  of  platinum : plati- 
num-rhodium thermocouples. 

In  obtaining  a  heating  curve  the  sample  was  placed  in  one  compart- 
ment of  a  small  platinum  thimble  which  was  divided  vertically  i>y  a 
platinum  septum  welded  in  place.  The  other  half  of  the  thimble  was 
filled  with  artificial  corundum  as  a  reference  medium.  The  two  hot 
junctions  of  a  differential  thermocouple  were  imbedded  in  the  two 
materials  and  the  thimble  suspended  in  the  furnace.  The  tempera- 
ture was  raised  at  a  rate  of  5°  per  minute,  and  readings  of  the  actual 
and  differential  temperatures  were  taken  every  minute,  or,  when 
necessary,  everv  half  minute. 

Due  to  pronounced  supercooling,  no  satisfactory  cooling  curves 
could  be  obtained. 

In  order  to  determine  the  solid  phase  present  at  the  liquidus,  a 
small  sample  of  each  mixture  was  wrapped  in  platinum  foil,  suspended 
in  the  furnace,  and  held  at  a  constant  temperature  near  the  melting 
point  for  15  minutes  to  allow  it  to  come  to  equilibrium.  It  was  then 
quenched  by  dropping  it  into  water  or  mercury,  and  the  phases 
present  identified  with  the  aid  of  the  microscope.  This  process  was 
then  repeated  at  a  temperature  2°  or  3°  higher  or  lower  until  a  point 
was  found,  above  which  the  primary  solid  phase  did  not  appear. 

Lerch  and  Bogue.  Revised  Procedure  for  the  Determination  of  Uncombined  Lime  In  Portland  Cement, 
Ind.  Eng.  Ctaem..  Anal,  ed.,  vol.  2,  pp.  206-398,  1930. 
11  Adams,  J.  Opt.  Soc.  Am.,  vol.  9,  p.  599,  1924. 
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Unfortunately,  mixtures  containing  more  than  about  45  per  cent 
CaO  were  found  to  crystallize  during  quenching,  thus  limiting  the 
use  of  this  method. 

4.  INTERPRETATION  OF  HEATING  CURVES 

A  few  words  regarding  the  interpretation  of  the  heating  curves 
may  be  helpful. 

The  curves  fall  into  two  general  classes.  In  the  first  class  are  those 
which  resemble  the  typical  heating  curve  for  a  pure  compound  or  a 


A 


77/r?e 

Figure  1.— Types  of  differential  healing  curves 

ou  tec  tic  mixture  (curve  A,  fig.  1).  Due  to  the  temperature  gradient 
in  the  sample,  the  outer  edges  fuse  first,  gradually  reducing  the  amount 
of  heat  conducted  to  the  thermocouple,  which  causes  the  curve  of  the 
differential  temperature  to  dip  downward.  As  the  melting  proceeds 
toward  the  center,  the  curve  drops  more  and  more  sharply,  reaching 
a  minimum  at  the  instant  at  which  fusion  is  complete.  Recovery  is 
then  very  rapid,  resulting  in  an  almost  vertical  rise  in  the  curve.  The 
point  at  which  the  curve  reaches  the  minimum  was  taken  as  the  melt- 
ing point  of  the  sample.  Heating  curves  for  a  pure  reference  material, 
potassium  sulphate  (m.  p.  =  1,069°      confirmed  this  interpretation. 

'»  See  footnote  4.  p.  838. 
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Mixtures  lying  between  a  eutectic  and  a  compound  give  curves  of 
the  second  type,  represented  by  B  (fig.  1).  The  first  break  represents 
the  melting  point  of  the  eutectic;  that  is,  the  last  portion  of  the 
mixture  to  solidify  on  cooling.  Continued  heating  causes  a  gradual 
fusion  (or  solution)  of  the  solid  phase  until  it  has  completely  disap- 
peared. This  is  illustrated  by  the  gradual  drop  in  the  curve, 
culminating  as  before  in  a  sudden  turn  upward. 

Curve  V  is  of  the  same  type  as  curve  B,  but  in  this  case  the  com- 
position is  cl  oser  to  that  of  the  eutectic,  causing  the  first  break  to  be 
verv  pronounced,  whereas  the  upper  break,  representing  the  true 
melting  point,  is  relatively  faint.  For  several  of  the  mixtures  whose 
compositions  were  close  to  those  of  the  various  eutectics  the  upper 
break  was  obscured  entirely,  making  an  absolute  determination  of 
the  composition  of  the  eutectic  by  this  method  impossible. 

III.  RESULTS 
1.  BINARY  COMPOUNDS 

Four  binary  compounds  were  found  in  the  system:  CaO-2B203, 
CaOB203,  2CaOB263,  and  3CaOB203. 

Calcium  diborate,  or  calcium  tetraborate,  CaO-2B203. — This  compound 
occurred  as  the  primary  phase  in  all  the  mixtures  containing  up  to 
about  28  per  cent  CaO.  As  ordinarily  prepared  it  remained  irf  the 
form  of  a  glass;  but  by  heating  for  a  few  minutes  at  a  temperature 
slightly  below  the  melting  point,  this  could  be  devitrified  readily. 
It  appears  as  irregulargrains,  highly  birefringent,  uniaxial,  negative; 
«=  1.638,  €=1.568.  Whether  or  not  it  melts  congruently  could  not 
be  determined  with  certainty,  as  its  composition  apparently  lies  at  the 
break  in  the  liquidus.    The  melting  point  is  986°  ±  5°. 

Monocalcium  borate  or  calcium  metaborate,  CaOB2Ot. — This  com- 
pound occurs  as  the  primary  phase  in  mixtures  containing  approxi- 
mately 29  to  51  per  cent  CaO.  It  appears  as  long,  flat  plates,  highly 
birefnngent,  biaxial,  negative,  with  a  large  optic  axial  ancle;  a  =  1.550, 
0  =  1.660,  7  =  1.680.    It  melts  coneruently  at  1,154°  ±5° 

Dicalcium  borate  or  calcium  pyroborate,  2CaOB2Ot. — This  compound 
occurs  as  the  primary  phase  in  mixtures  containing  approximately 
51  to  64  per  cent  CaO.  It  appears  as  irregular  grams,  nighly  bire- 
fringent, biaxial,  negative,  with  small  optic  axial  angle;  a  =1.585, 
0  =  1.662,  7=1.667.    It  melts  at  1,298° ±5°. 

Tricalcium  borate  or  calcium  orthoborate,  $CaO'B20%. — This  com- 
pound occurs  as  the  primary  phase  in  mixtures  containing  from  64  to 
at  least  71  per  cent  CaO,  and  probably  somewhat  higher.  It  appears 
as  irregular  grains,  highly  birefringent,  uniaxial,  negative;  «=  1.728, 
e  =  1 .630.    It  melts  at  1 ,479°  ±  5°. 

2.  THE  PHASE  EQUILIBRIUM  DIAGRAM 

The  phase  equilibrium  diagram  is  shown  in  Figure  2. 

Mixtures  containing  less  than  24  per  cent  CaO  were  found  to  sepa- 
rate into  two  immiscible  liquids  (which  for  convenience  may  be 
designated  as  A  and  B)  on  fusion.  The  heavier  of  the  two  liauids 
{A)  on  cooling  formed  a  clear  glass  with  a  refractive  index  of  about 
1.56.  It  was  nearly  insoluble  in  water  but  soluble  in  hydrochloric 
acid.    The  other  liquid  (B)  formed  a  cloudy  glass,  which  was  seen 
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under  the  microscope  to  be  full  of  minute  globules,  presumably  of 
the  other  glass.  These  appeared  to  separate  during  cooling,  since  in 
quenched  samples  both  glasses  were  clear.  The  index  of  the  lighter 
g;lass  was  about  1.45.  It  was  soluble  in  water,  thus  affording  a 
simple  method  of  separating  it  from  the  other  glass  for  analysis.  The 
water-soluble  glass  was  found  to  be  practically  pure  B203,  while  the 
other  contained  about  23  per  cent  CaO. 

An  attempt  was  made  to  determine  the  temperature  above  which 
the  components  would  be  completely  miscible,  but  little  evidence  of 
a  change  in  composition  was  found  up  to  1500°.  For  this  experiment 
a  small  amount  of  one  of  the  mixtures  was  placed  in  a  platinum 
thimble  and  held  at  a  definite  temperature  long  enough  to  permit 


40         SO  60  TO 

Pgr  cent  CaO  by  might 

Figure  2. — Phase  equilibrium  diagram  for  the  system  CaO-BjOs 

the  liquids  to  separate  into  two  layers.  The  charge  was  then  cooled 
quickly,  the  two  glasses  separated  by  solution  of  the  upper  one  in 
water,  and  the  ratio  of  CaO  to  B203,  determined  in  each.  The  re- 
sults are  given  in  Table  1 . 

Table  1. — Composition  of  the  immiscible  liquids  in  the  system  CaO-B^O^  at  various 

temperatures 


Temperature  Id 

°C. 

Composition  of 
grass  A 

Composition  of 
glass  B 

CaO 

n,o, 

CaO 

BiO, 

MO  -950  

Per  cent 
1  28.0 
{  23.1 
I  24.9 

Per  cent 
77.0 
76.0 
75.1 

Per  cent 
0.6 
.6 
.2 
.7 
1.5 

Percent 
99.4 
99.4 
99.8 
99.3 
98.5 

1,100  

Temperature  in 


1.200. 
1,300. 
1,400. 
1,450. 
1.500. 


Composition  of 
gtatA 


CnO 


Per  cent!  Per  cent 


24.2 

23.5 
23.9 
23.7 


HtO, 


75.8 
76.  5 
76.1 
76.3 
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It  will  be  seen  that  the  data  are  not  entirely  consistent,  but  this 
is  not  surprising  considering  the  slowness  of  attainment  of  equilibrium, 
the  possibility  of  particles  of  one  glass  remaining  dispersed  through- 
out the  other,  and  the  rather  inexact  method  of  separation.  In  con- 
sidering the  values  for  the  composition  of  glass  A  it  should  be  borne 
in  mind  that  this  glass  represents  the  lower  CaO  limit  of  stable  liquid 
mixtures  in  this  system.  Hence  it  seems  reasonable  to  take  the  mini- 
mum value  obtained,  23.0  per  cent  CaO  and  77.0  per  cent  B203,  as 
the  most  reliable  figure  for  the  composition  of  this  glass. 

The  data  seem  to  indicate  a  slight  increase  in  the  CaO  content  of 
srlass  B  with  increasing  temperature,  but  this  is  not  definitely  proved. 
The  low  CaO  values  are  more  reliable  because  of  the  probability  that 
glass  B  was  contaminated  with  glass  A.  This  supposition  is  sup- 
ported by  the  observation  that  glass  B  was  always  cloudy,  due  to 
the  suspension  in  it  of  minute  droplets  of  the  other  phase. 

It  is  probable  that  the  compositions  of  these  two  liquids  approach 
each  other,  and  that  there  is  some  temperature  above  which  only 
one  liquid  phase  can  exist.  Data  obtained  at  1 ,600°  showed  a  markea 
tendency  m  this  direction,  but  thev  can  not  be  considered  reliable, 
as  the  problem  is  .complicated  by  the  high  volatility  of  B203  at  this 
temperature,  as  well  as  by  the  failure  of  the  two  glasses  to  separate 
completely. 

The  region  of  liquid  immiscibility  up  to  1,500°  is  represented  approx- 
imately by  the  area  between  the  dotted  lines  a  a'  and  6  b'  in  Figure  2. 
Any  mixture  in  this  area,  must  exist  as  two  liquid  phases.  On  cooling, 
it  will  solidify  to  a  mixture  of  two  glasses;  but  if  held  for  a  few  minutes 
at  a  temperature  slightly  below  970°,  the  compound  CaO«2B203 
starts  to  crystallize  out  from  liquid  A.  As  this  will  tend  to  increase 
the  proportion  of  B2Oa  remaining  in  A,  it  is  evident  that  a  small 
amount  of  liquid  B  must  also  separate  out,  and  this  will  continue 
until  the  mixture  consists  entirely  of  the  compound  and  liquid  B, 
the  latter  solidifying  to  a  glass  on  cooling.  A  heating  curve  of  the 
partially  crystallized  mixture  will  show  a  break  at  about  971°  corre- 
sponding to  the  melting  of  CaO-2B203  in  the  presence  of  B203  glass. 
The  melting  point  for  any  mixture  in  this  region  is  represented  by 
the  horizontal  line  in  Figure  2,  extending  from  0.2  to  23  per  cent  CaO. 

From  a  the  liquidus  rises  gradually  to  986°,  the  melting  point  of 
the  diborate,  Ca0-2B203  (composition,  CaO,  28.71  per  cent;  B2Oa, 
71.29  per  cent).  The  curve  near  this  point  is  nearly  horizontal, 
and  it  could  not  be  determined  with  certainty  whether  the  compound 
melts  congruently  or  not.  A  mixture  consisting  of  28.6  per  cent 
CaO  and  71.4  per  cent  B203  showed  a  trace  of  monocalcium  borate 
as  the  primary  phase.  This  would  indicate  that  calcium  diborate 
is  unstable  at  the  melting  point.  However,  the  composition  of  the 
mixture  in  question  was  so  close  to  that  of  CaO-2B203  that  if  allow- 
ance is  made  for  a  slight  error  in  chemical  analysis  the  above  conclu- 
sion is  unwarranted. 

From  the  melting  point  of  CaO-2B2Oa,  the  liquidus  rises  sharply, 
reaches  a  maximum  of  1,154°  at  the  composition  CaO  B203  (CaO, 
44.61  per  cent;  B203,  55.39  per  cent),  and  descends  to  1,132°,  the  melt- 
ing point  of  a  eutectic  containing  approximately  51.5  per  cent  CaO 
and  48.5  per  cent  B203.  As  previously  mentioned,  the  true  melting 
points  near  the  eutectic  could  not  be  determined  from  the  heating 
curves.    The  two  points  to  the  left  of  the  eutectic  in  the  diagram, 
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therefore,  represent  the  melting  point  of  the  eu  tec  tic  itself,  rather  than 
those  of  the  two  mixtures. 

The  curve  then  rises  to  another  maximum  of  1,298°,  corresponding 
to  the  meltine  point  of  2CaOB20,  (CaO,  61.70  per  cent;  B2Os, 
38.30  per  cent),  and  drops  to  1,291°,  the  melting  point  of  a  second 
eutectic  containing  approximately  64  per  cent  CaO.  A  maximum  of 
1,479°  corresponds  to  the  melting  pomt  of  3CaOB2Oj  (CaO,  70.73 
per  cent;  B20>,  29.27  per  cent),  which  is  followed  by  a  drop  in  the 
curve  to  another  eutectic  melting  at  1,460°  and  consisting  of  about 
73  per  cent  CaO  and  27  per  cent  B2Oa.  Heating  curves  on  two  mix- 
tures still  higher  in  lime  indicated  the  melting  of  this  eutectic,  but 
showed  no  further  breaks  up  to  1,600°,  the  maximum  temperature 
attained.  Petrographic  examination  of  these  samples  after  fusion 
showed  that  they  consisted  of  two  phases,  3CaO«B208  and  CaO. 
Hence  it  is  assumed  that  no  compounds  are  formed  containing  more 
CaO  than  the  orthoborate,  3CaO-B2Os,  and  that  the  liquidus  rises 
continuously  to  the  melting  point  of  CaO  at  2,572°. 

IV.  SUMMARY 

• 

The  phase  equilibrium  diagram  for  the  system  CaO-B2Oj  has  been 
partially  worked  out.  A  region  of  liquid  immiscibility  was  found, 
extending  from  0.2  to  23  per  cent  CaO,  and  from  971°  to  above  1,500° 
C.  The  optica]  properties  of  the  four  compounds  in  this  system  were 
determined.  The  melting  points  of  these  compounds  are  given  in 
Table  2,  together  with  the  melting  points  determined  by  previous 
investigators. 

Table  2. — Melting  point*  of  the  calcium  borates 


Melting  point,  determined  by— 


Compound 

Ouertler 
(1904) 

drive  au 
(1918) 

Roberta 
(1924) 

CaO  2BiOi   

°C. 
1.030 

i.im 

1,226 

°C. 
ca.  1,025 
ca.  1, 100 
ca.  1.21ft 

°C. 

•a 

1,1M±S 

tag 

"i.'adidbo* 

Washington,  October  10,  1932. 
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A  METAL-CONNECTED  GLASS  ELECTRODE 

By  M.  R.  Thompson 


ABSTRACT 

Glass  electrodes  have  come  into  extensive  use  for  the  measurement  of  hydrogen- 
ion  activity  in  special  cases  in  which  other  kinds  of  electrodes  are  unsuitable. 
Previous  methods  of  construction  have  produced  glass  electrodes  which  were 
fragile,  had  an  uncertain  length  of  life,  and  required  connecting  in  circuit  with 
two  standard  electrodes. 

In  the  work  reported  in  this  paper  a  glass  electrode  was  developed  which  has  a 
comparatively  thick  wall  and  a  direct  metallic  connection  to  the  glass.  This 
makes  a  verv  durable  apparatus  and  eliminates  one  standard  electrode  from  the 
circuit.  It  is  shown  that  the  accuracy  of  such  a  metal-connected  glass  electrode 
is  comparable  with  that  of  other  electrodes  used  in  pH  measurement. 
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I.  INTRODUCTION 

The  glass  "electrode,"  or,  more  strictly  speaking,  the  glass  half-cell, 
has  come  into  extensive  use  recently  to  measure  hydrogen-ion  con- 
centration in  certain  kinds  of  solutions  for  which  other  types  of 
electrodes  are  unsuitable.  Its  advantages  include  freedom  from 
disturbance  by  oxidation-reduction  potentials  and  obviation  of  added 
reagents,  such  as  gaseous  hydrogen  or  solid  quinhy drone.  Its  dis- 
advantages are  the  inherent  nigh  resistance  (at  present  greater  than  1 
megohm),  requiring  the  use  of  delicate  or  special  apparatus  for  detect- 
ing potential  changes;  and  the  fragility,  which  makes  the  useful  life 
short  or  uncertain.  The  purpose  of  this  investigation  was  to  remove 
or  reduce  these  disadvantages. 
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II.  HISTORICAL 

The  discovery  of  a  reaction  between  glass  and  hydrogen  ions  goes 
back  at  least  to  Cremer  (l).1  Haber  and  Klemensiewicz  (5),  who 
acknowledged  Cremer's  work,  appear  to  have  been  the  first  to  actually 
apply  the  principle  to  laboratory  measurements.  Their  systematic 
and  extensive  treatise  is  so  well  known  that  they  are  usually  credited 
with  the  development  of  the  glass  electrode  in  something  like  its 
present  form.  As  often  happens,  over  a  decade  elapsed  before 
further  notice  appeared,  and  about  20  years  passed  before  general 
interest  in  the  subject  was  aroused. 

Numerous  theories  have  been  proposed  to  account  for  this  peculiar 
action  of  glass.  These  theories  may  be  roughly  classified  into  three 
groups,  based  on  phase  boundary,  ion  adsorption  (or  exchange),  and 
liquid  junction  (or  diffusion)  potentials.  All  of  these  seem  to  imply 
that  the  glass  contains  or  attracts  water  and  hydrogen  ions  (protons), 
and  some  of  them  imply  that  only  hydrogen  ions  can  penetrate  into  or 
through  the  glass.  The  situation  is  complicated  by  the  fact  that  glass 
is  not  unique  in  this  respect.  Thus,  similar  effects  have  been  detected 
at  interfaces  of  water  with  quartz  (41),  paraffin,  zeolite  minerals 
(19,  p.  252),  and  benzene  (5).  Borelius  (8,  p.  447)  summarize  concisely 
three  possible  conditions  for  electrode  action.  Much  information  on 
the  theoretical  aspects  will  be  found  in  recent  papers  by  Maclnnes  and 
Belcher  (34),  and  by  Dole  (35)  (44). 

The  composition  of  the  class  used  is  important  and  has  been 
studied  bv  Hugbes  (23),  Maclnnes  and  Dole  (27)  (31),  Elder  (29),  and 
others.  Most  investigators  agree  that  a  soft  glass  containing  about 
22  per  cent  of  Na30,  6  per  cent  of  CaO,  ana  72  per  cent  of  SiOs  2 
gives  the  best  results.  Means  to  effect  further  improvement  in  the 
electrode  action  of  glass  are  not  now  apparent,  but  it  is  conceivable 
that  the  abnormalities  shown  in  very  acid  and  alkaline  solutions  might 
be  decreased  by  the  addition  of  other  substances  to  the  glass. 

Small  bulbs  with  thin  walls  have  been  used  by  most  investigators, 
including  Haber  and  Klemensiewicz  (5),  Hughes  (9)  (23),  Elder  and 
Wright  (25),  Voegtlin,  De  Eds  and  Kahler  (32),  Robertson  (36),  and 
others.  Kerridge  (20)  modified  this  construction  by  blowing  a  local 
reentrant  thin  area  (0.025  to  0.030  mm  thick)  in  the  bulb  wall  to  serve 
as  the  active  surface.  Horovitz  (15,  p.  345)  sealed  a  relatively  thick 
(0.05  to  0.1  mm)  plate  of  glass  on  the  end  of  a  glass  tube.  Maclnnes 
and  Dole  (27)  used  an  electrode  of  similar  shape,  but  with  an  extremely 
thin  (0.001  mm)  active  surface,  about  4  mm  in  diameter,  obtained 
from  the  wall  of  a  glass  bubble.  This  might  be  called  a  "membrane " 
electrode.  The  forms  described  may  be  conveniently  classified  into 
the  two  general  types  of  bulb  and  membrane,  although  there  appears 
to  be  no  essential  difference  in  their  action.  Figure  1  shows  several 
types  of  electrodes  and  methods  of  connection. 

The  characteristic  arrangement  for  these  active  glass  surfaces  has 
been  with  a  solution  on  each  side  of  the  bulb  or  membrane  wall.  One 
solution  is  of  known  or  fixed  hydrogen  ion  activity ,  while  the  other  is 
of  unknown  or  variable  activity.    This  in  effect  makes  a  hydrogen 

«  Figures  In  parenthesis  here  and  throughout  the  text  refer  to  the  numbers  used  in  the  bibliography  st 
the  end  of  this  tmpcr. 

*  Commercial  glass  of  this  composition  is  obtainable,  for  instance.  No.  015  glass  of  the  Corning  Olaa  Co. . 
Corning,  N.  Y.  Tubing  with  hii  outside  diameter  of  7  mm,  and  1  mm  wall  Is  convenient  for  blowing  mem- 
brane electrodes. 
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electrode  on  each  side  of  the  glass.  A  standard  electrode  of  some  sort 
is  immersed  in  each  solution  to  complete  the  circuit.  These  standard 
electrodes  need  not  be  identical  but,  if  so,  their  potentials  are  opposed 
and  cancel  each  other  in  the  measurement.  It  is  important  to  note 
that  in  this  arrangement  only  electrolytic  contact 
is  made  with  the  glass. 

Maximum  sensitivity  is  associated  with  minimum 
resistance,  and  consequently  the  tendency  has  been 
to  make  the  glass  as  thin  as  possible.  For  small 
electrodes,  the  practical  lower  limit  of  resistance 
thus  reached  lies  between  2  and  50  megohms  (27) 
(34)  (36),  as  determined  by  direct-current  measure-  , 
ment  (27)  (34).  The  best  electrodes  thus  become 
rather  difficult  to  construct,  excessively  fragile,  and 
of  uncertain  life  even  with  careful  handling. 

Where  extreme  compactness  is  not  required,  more 
durable,  although  not  necessarily  as  sensitive,  elec- 
trodes of  the  same  resistance  could  obviously  be 
prepared  by  using  a  thicker  wall  with  a  larger  area. 
The  bulb  type  is  better  suited  to  this  modification 
than  the  membrane  type,  as  it  is  difficult  to  properly 
seal  a  large  area  of  membrane.  Hazel  and  Sorum 
(39),  however,  have  recently  increased  the  mem-  8 
brane  diameter  to  about  10  mm.  On  the  other 
hand,  the  results  obtained  by  Robertson  (36)  indi- 
cate that  it  is  possible  to  form  a  comparatively  small 
bulb  having  a  resistance  as  low  as  that  of  a  mem- 
brane. 

The  situation  described  limits  the  widespread  use 
of  glass  electrodes,  especially  in  industnal  work, 
where  rugged  and  permanent  apparatus  is  desirable. 


r 
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III.  THE  METAL-CONNECTED  GLASS 
ELECTRODE 

I.  PRINCIPLE 


4 


In  connection  with  the  mechanical  advantages  of 
thick-walled  electrodes,  it  appeared  possible  to 
greatly  simplify  the  mounting  and  eliminate  the 
extra  (inside)  standard  electrode  by  substituting  a 
direct  metallic  connection  to  the  ^lass  wall.  With 
glass  of  sufficient  thickness  to  withstand  ordinary 
handling,  for  instance,  0.1  to  0.5  mm,  such  a  me- 
tallic connection  could  be  easily  applied  and  would 
furnish  additional  protection  to  the  glass.  This  was 
tried  (March  25,  1930)  by  wrapping  tinfoil  around 
a  soft-glass  tube,  and  the  results  were  promising  enough  to  warrant 
further  trial  and  development,  as  reported  in  this  paper. 

No  publication  has  been  noted  which  describes  the  use  of  a  metal  to 
^lass  connection  for  the  systematic  accurate  measurement  of  hydro- 
gen-ion concentration.  Previous  investigators  have  doubtless  made 
incidental  trials  of  a  simple  metallic  connection,  such  as  mercury 
within  a  glass  bulb,  analogous  to  the  mercury  cups  so  often  used  in 


Figuee  1. — Forms 
of  the  ordinary 
glass  electrode 


(The  active  surface  por- 
tion Is  shown  in  dotted 
line.  Each  glass  elec- 
trode is  connected  to 
two  calomel  electrodes, 
of  which  only  the  tips 
are  shown.)  1,  plain 
bulb;  2,  reentrant 
bulb;  3,  membrane 
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making  electrical  contact  with  sealed-in  wires  on  glass  apparatus. 
B.  von  Lengyel  (41,  pp.  426  and  431)  tried  a  mercury  to  quartz  con- 
nection, but  found  it  to  be  unsatisfactory.  He  also  used  a  Wood's 
metal  to  quartz  connection  for  checking  an  electrode  chain.  Haber 
and  Klemensiewicz  (5,  p.  424)  used  a  connection,"  not  with  glass,  but 
with  a  layer  of  benzene,  by  means  of  an  immersed  disk  of  amalga- 
mated bras9.  Many  experiments  have  also  been  published  describing: 
electrolysis  through  glass,  or  determinations  of  the  conductivity  of 
glass,  in  which  electrodes  of  metal,  amalgam,  or  powdered  grapmte 
were  applied. 

The  exact  function  of  the  metal  coating  on  a  "metal-connected" 
glass  electrode  has  not  yet  been  determined.  If,  as  is  very  generally 
believed,  conduction  through  glass  is  entirely  electrolytic;  that  is, 
due  to  the  movement  of  ions,  there  may  be  set  up  a  metal-metal 
oxide  or  metal-metal  silicate  electrode  with  a  comparatively  steady 
potential.  It  the  passage  of  current  through  the  glass  results  from 
electronic — that  is,  solid  conduction — the  metal  serves,  of  course, 
merely  as  a  convenient  terminal.  Besides  being  a  conductor  (or 
nonconductor  according  to  the  point  of  view)  glass  is  also  a  dielectric; 
that  is,  it  transfers  charges  by  induction.  The  apparatus  used  for 
detecting  a  change  of  potential  in  the  circuit  is  capable  of  measuring 
static  charges.  This  point  will  be  mentioned  subsequently  in  connec- 
tion with  the  details  of  construction.  It  should  be  emphasized,  how- 
ever, that  further  work  will  be  required  to  furnish  a  satisfactory 
explanation  of  the  complicated  phenomena  involved. 

2.  CONSTRUCTION 

There  are  obviously  many  ways  of  arranging  a  metal-glass  elec- 
trode. Thus,  wires,  rods,  sheets,  and  tubes  of  suitable  metals  might 
be  coated  with  a  film  of  the  proper  glass;  or,  conversely,  tubes,  beakers, 
flasks,  and  other  vessels  of  the  proper  glass  might  be  coated  with  a 
film  of  an  appropriate  metal.  The  latter  might  be  applied  by  pres- 
sure, spraying,  casting,  sputtering,  or  chemical  precipitation  from  a 
solution  or  a  gas,  and  subsequently  thickened  and  protected  by 
electroplating.  Various  possible  arrangements  are  shown  in  Figure  2. 

The  metal-connected  glass  electrodes  first  employed  in  this  investi- 
gation were  constructed  from  various  stocks  of  laboratory  tubing, 
using  tinfoil  on  those  containing  the  solution  to  be  tested,  and  mer- 
cury or  coiled  wire  inside  those  dipping  into  the  solution.  Subsequent 
work  showed  that  glass  having  the  composition  ordinarily  used  for 
membranes  also  gave  the  best  results  for  metal-connected  electrodes, 
and  that  silvering  followed  by  copper  plating  gave  a  more  durable 
and  satisfactory  coating  than  tinfod.  Electrodes  of  the  dipping  type 
were  found  to  be  less  accurate  than  those  of  the  containing  type. 
Further  investigation  is  needed,  but  this  difference  may  be  the  result 
of  greater  dehydration  of  the  outer  surface  during  the  working  of  the 
hot  glass. 

For  the  final  exploratory  work,  three  containing  and  three  dipping 
type  electrodes  were  prepared  from  Corning  No.  015  glass  tubing  by 
blowing  it  into  the  shape  of  test  tubes  with  walls  about  0.5  mm  thick. 
These  tubes  had  an  outside  diameter  of  1.2  cm  and  a  length  of  12  cm, 
and  contained  (or  displaced)  about  10  ml  of  solution.  Silvering  was 
applied  on  either  the  inside  or  outside  surface  by  the  Rochelle  salts 
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process  (37),  and  copper  3  was  then  deposited  to  a  thickness  of  about 
0.008  mm.  The  glass  tubes  were  coated  with  paraffin  for  about  1  cm 
on  the  outside  at  the  open  end  to  diminish  surface  leakage.    A  copper 


r 


4  S  6  7 

Figure  2. — Arrangement*  of  the  metal-connected  glass  electrode 


(Only  the  tipe  of  calomel  electrodes  are  shown.) 
metal  coated;  2,  containing  type;  tube  form,  with  metal  portion 

i  wedgi 


1,  Containing  type;  tube  form. 
.  w.Ji  metal  portion  insulate 
the  glass  by  means  of  mica  wedges  at  top  and  bottom,  and  an  air  gap.  For  sped 
study;  3,  containing  type;  beaker  form,  metal  coated;  4,  dipping  type;  tube  form, 
mercury  filled;  5,  dipping  type;  metal  rod  or  wire  form,  coated  with  glass;  ft, 
dipping  type;  metal  sheet  form,  coated  with  glass;  7,  dipping  type;  tube  form, 
metal  coated  and  supported  by  bakelite  clamp. 

wire  was  wrapped  or  pressed  against  the  metal  coating  and  the  com- 
pleted electrode  was  mounted  m  a  suitable  support.    This  consisted 

  >   


lated  from 
For  special 


»  Plating  on  the  outside  was  done  with  a  solution  containing  100  g/1  of  CuSOi.SHiO.  The  coating 
applied  by  "flashing  "  at  a  current  density  of  about  5.5  amp/dm*  for  a  few  minutes,  after  which  plating  was 
continued  at  0.0  amp/dm'  for  one-half  hour.  Plating  on  the  Inside  was  found  difficult  on  account  of  the 
small  bore  and  consequent  poor  circulation.  Satisfactory  results  were  finally  obtained  by  using  a  more 
concentrated  solution  containing  250  g/1  of  CuSO«.5HtO,  and  an  accurately  centered  copper  wire  as  anode. 
Because  of  the  necessarily  excessive  anode  current  density,  the  110* volt  circuit  with  a  rheostat  In  series  was 
required  to  overcome  anode  polarization.  A  flash  of  copper  was  applied  at  about  5  amp/dm'  for  one  minute, 
after  which  plating  was  continued  for  one  and  one-half  hours  at  0.36  amp/dm*.  All  plating  was  done  at  room 
temperature.  The  copper  coating  was  lacquered,  except  at  the  pressure  contact  with  the  connecting  wire. 
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of  a  rubber-stoppered  glass  bottle  for  a  containing  electrode  and  a 
bakelite  clamp  on  a  stand  for  a  dipping  electrode.  (See  fig.  2,  Nos. 
1  and  7.) 

Rougb  measurements  of  the  resistance  of  these  electrodes,  in 
contact  with  0.1  N  HC1  into  which  a  copper  wire  was  dipped,  were 
made  using  a  high-resistance  bridge  and  direct  current  at  1,000 
volts.4  The  capacity  4  at  1,000  cycles  was  also  determined,  by 
means  of  a  capacity  bridge.  The  data  on  resistance  and  capacity  are 
given  in  Table  1.  Because  of  their  greater  accuracy,  the  results 
presented  subsequently  in  this  paper  were  obtained  by  means  of 
electrodes  of  the  containing  type. 


Table  I.— Resistance  and  capacity  of  metal-connected  glass  electrodes 


Electrode  No. 

Type 

Resistance 

Capacity 

Initial 

AftThs 

Initial 

month* 

l  >  

Containing  

megohm 
43 

87 
48 

57 
53 
53 

megohm 
68 

39 
55 
68 
48 
00 

600 

535 
400 
530 
510 

Iff 

026 
005 
566 
505 
526 
495 

2  

 do  

4  

8  

 do  

In  actual  use,  the  electrode  was  rinsed  once  with  the  solution  to  be 
measured  and  was  then  filled,  and  the  potential  reading  obtained  at 
once.  Then  the  electrode  was  rinsed  with  distilled  water  and  kept 
filled  with  distilled  water  until  the  next  measurement.  When 
working  with  solutions  difficult  to  remove  by  rinsing,  it  was  necessary 
to  clean  the  electrodes  with  chromic  acid  solution,  or  to  immerse 
them  in  water  for  a  long  time.  Recovery  from  ordinary  disturbances 
was  usually  complete  within  one  hour  and  almost  always  on  standing 
over  night. 

The  special  electrode  shown  in  Figure  2,  No.  2,  was  constructed 
with  the  metal  side  insulated  from  the  glass,  mainly  by  an  air  gap. 
The  resistance  was  thus  raised  to  5,000  megohms,  with  a  corresponding 
reduction  in  capacity  to  45  nnf.  Readings  on  buffer  solutions  were 
unsteady,  but  an  accuracy  of  about  ±0.5  pH  was  obtained  even 
under  these  very  unpromising  conditions.  This  experiment  indi- 
cated that  electrode  action  does  not  require  actual  contact  between 


*  This  scheme  was  used  merely  for  convenience  and  is  not  suggested  for  general  use.  The  application  of  a 
high  voltage  tends  to  cause  the  passage  of  appreciable  current,  with  the  possibility  of  polarization  and  dis- 
turbance to  readings.  These  electrodes  were  affected  temporarily,  as  shown  at  A  in  Figure  7;  but  after 
standing  In  contact  with  water  for  a  few  weeks,  they  returned  to  the  original  condition. 

It  has  been  pointed  out  by  M aclnnes  and  Belcher  (34)  that  resistance  measurements  on  glass  electrodes 
made  with  direct  current  are  conventional  and  that  alternating  current  gives  much  lower  and  more  accurate 
results.  They  concluded,  however,  that:  "It  does  not  appear  desirable  to  change  the  current  practice  of 
reporting  the  apparent  direct-current  resistances  of  electrodes  in  megohms." 

In  measurements  using  direct  current,  M aclnnes  and  Dole  (27),  (31)  applied  much  lower  voltages,  either 
3.7  or  1.2  volts;  Maclnnesand  Belcher  (34)  applied  less  than  1  volt.  It  may  be  pointed  out  that  the  surface 
ratio  of  a  metal-connected  electrode  to  a  membrane  electrode,  each  of  the  usual  site,  is  about  3,300  to  12  mm'. 
The  application  of  1,000  volts  on  the  former  produces  the  same  current  density  as  does  3.6  volts  on  the  latter, 
if  both  have  the  same  total  resistance.  As  a  matter  of  fact,  the  direct-current  resistances  obtained  for  the 
metal-connected  glass  electrodes  are  of  the  expected  order  of  magnitude,  when  compared  with  the  direct- 
current  resistances  of  membrane  electrodes  as  measured  by  the  author,  using  the  method  of  Maclnnes 
and  Dole  (27)  (31). 

»  Residual  noise  In  the  telephones  Indicated  a  wide  phase  angle.  This  is  characteristic  of  low  dielectric 
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metal  and  glass.  Completion  of  the  circuit  may  have  been  effected 
through  surface  leakage,  or  possibly  by  induction.  In  this  connec- 
tion, Borelius  (6)  (7)  (8)  has  published  many  measurements  including 
electrolytic  potentials  at  glass  or  paraffin  surfaces,  where  an  air  gap 
was  used  in  the  circuit. 

IV.  EXPERIMENTAL  WORK  AND  CONCLUSIONS 

1.  APPARATUS  AND  GENERAL  METHODS 

Potential  measurements  were  made  with  a  "student  type"  poten- 
tiometer calibrated  to  ±0.5  mv.  A  Compton  quadrant  electrom- 
eter0 was  used  as  the  indicating  instrument  in  the  glass  electrode 
measurements,  by  the  null-point  method.  The  saturated  potassium 
chloride-calomel  reference  electrode  was  employed.  For  standardi- 
zation of  buffer  solutions  and  for  comparative  readings,  other  elec- 
trodes were  used,  including  the  hydrogen  (with  platinum  black), 
the  quinhydrone  (with  gold),  and  the  glass  membrane  (with  Corning 
No.  015  zlass). 

The  glass-membrane  electrodes  were  mounted  or  connected,  not 
through  an  inside  silver-silver  chloride  electrode  as  used  by  Maclnnes 
and  Dole  (27)  but  through  a  saturated  calomel  electrode  according  to 
the  system  of  Kerridge  (20)  and  others.  The  electrode  was  filled 
with  any  suitable  buffer  solution,  into  which  dipped  the  plugged  tip 
of  the  calomel  electrode.  The  plug  consisted  of  agar  jelly  saturated 
with  potassium  chloride,  and  this  device  was  used  for  its  mechanical 
convenience.  Such  devices  are/  of  course,  possible  sources  of  error 
by  the  introduction  of  an  additional  potential  into  the  circuit.  The 
error  in  this  case  appeared  to  be  negligible  within  the  limits  of  accuracy 
sought.  An  alternative  procedure  would  involve  the  use  of  an 
extremely  small  bent  tip,  or  else  a  ground-glass  seal  (20).  The 
second  or  reference  calomel  electrode  had  a  bent  tip,  according  to  the 
usual  scheme.  (See  fig.  1,  No.  3.)  Silver-silver  chloride  electrodes 
are  more  compact,  but  somewhat  less  convenient  to  prepare  and 
maintain  than  calomel  electrodes. 

A  saturated  calomel  electrode,  having  a  tip  plugged  with  agar 
jelly  saturated  with  potassium  chloride,  was  also  used  for  connection 
with  the  containing  type  of  metal-connected  glass  electrodes.  (See 
fig.  2,  No.  1.) 

Potential  readings  were  made  at  room  temperature,  usually  about 
25°  C.  As  the  saturated  calomel  electrode  was  used  for  reference 
and  most  of  the  solutions  were  buffered,  the  accuracy  of  the  measure- 
ments was  about  ±0.1  pH  (±6  mv).  This  was  sufficient  for  the 
exploratory  purposes  of  this  investigation.  The  readings,  including 
those  with  the  metal-connected  glass  electrode,  were  maae,  however, 
to  the  nearest  0.02  pH  (±1  mv)  and  occasionally  to  0.01  pH  (±0.5 
mv).  The  observations  indicated  that  with  closer  control  of  tem- 
perature and  a  decreased  wall  thickness  the  accuracy  with  this 
electrode  could  probably  be  made  equal  to  the  above  precision. 

Switches  in  the  circuit  of  the  electrometer  and  glass  electrode  were 
made  of  paraffin  blocks  with  mercury-filled  copper  cups  as  terminals. 


*  Where  portability  is  required,  the  Lindemann  electrometer  may  be  substituted.  Numerous  circuits 
have  been  published  in  which  the  delicate  and  relatively  expensive  electrometer  was  replaced  by  vacuum 
tubes.  A  recent  paper  by  Compton  and  Haring  (47)  described  a  compensated  thermionic  electrometer 
which  is  stated  to  have  possibilities  for  use  with  thick  glass  electrodes.  Robertson  (30)  reported  the  use  of 
a  galvanometer  of  high  sensitivity  with  electrodes  of  very  low  resistance. 
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Fused  sulphur  would  probably  have  been  better  than  paraffin,  but 
it  is  less  easy  to  handle.  The  electrometer  loads  were  insulated  with 
mica  and  were  run  in  grounded  brass  pipes,  although  bakelite  insu- 
lation was  used  in  a  few  places  for  convenience.  The  electrometer 
switches  were  placed  in  a  grounded  copper  gauze  cabinet,  one  compart- 
ment of  which  also  served  to  hold  and  partially  shield  the  glass-calomel 


t 


Figure  3. — Wiring  diagram  of  apparatus 


1.  Simplified  diagram  for  the  potentiometer  using  an  electrometer  by  the  null-point  method.  A,  Buttery 
for  potentiometer;  B,  potentiometer;  C,  battery  for  electrometer  needle;  Z>,  electrometer;  E,  single  pole 
double  throw  switch;  F,  binding  posts  for  connecting  glass  electrode-standard  electrode  ceil;  0,  ground. 
2.  Complete  diagram  (student  type  potentiometer).  A,  shielded  cabinet  holding  special  paraffin  base 
switches  and  the  glass  electrode-standard  electrode  cell;  Ft,  electromagnets  (l  ohm  each)  for  tripping  electrom- 
eter switch;  C,  terminals  for  connecting  gloss  electrode-standard  electrode  cell;  D,  electrometer;  F,  battery 
for  electrometer  needle  (it  makes  no  difference  which  pole  is  connected  to  the  needle);  Q,  ground;  H, 
protective  resistance  (0.1  megohm)  for  F:  J,  ammeter  (1  ampere  scale)  for  reading  the  electromagnet  cur* 
rent;  K.  variable  resistance  (3  ohms)  for  controlling  the  electromagnet  current;  L,  battery  (S  volts)  for  sup- 
plying the  electromagnet  current;  Af,  protective  resistance  (20,000  ohms)  for  standard  cell;  O,  terminals 
tor  connecting  hydrogen  or  quinhydrone  electrodes;  P,  battery  for  potentiometer;  <?,  potentiometer 
(student  type);  It,  galvanometer  (desk  type);  T,  variable  resistance  (1,000  ohms)  for  adjusting  potentio- 
meter; 17,  standard  cell;  t,  paraffin  base  main  D.  P.  D.  T,  switch;  f.  paraffin  base  reversing  D.  P.  D.  T. 
switch;  5,  paraffin  base  electrometer  8.  P.  D.  T.  switch;  4,  porcelain  base  electrometer  needle  S.  P.  D.  T. 
switch;  6,  porcelain  base  S.  P.  S.  T.  switch  for  B  circuit;  8,  porcelain  base  D.  P.  D.  T.  reversing  switch;  7, 
porcelain  base  T.  P.  D.  T.  switch;  8,  porcelain  base  S.  P.  S.  T.  shorting  switch;  9,  hard  rubber  base  three 
point  key;  10,  bard  rubber  base  two  point  key.  Switching  directions,  adjusting  potentiometer,  (/)  north 
and  (7)  east.  Set  potentiometer  by  means  of  U,  R,  and  (10).  Using  hydrogen  or  quinhydrone  electrode, 
(/)  north  and  (7)  west.  Hydrogen  or  quinhydrone  electrode  connected  to  O  at  north  reads  on  potentio- 
meter, using  R  and  (fO).  16)  west  for  hydrogen  electrode.  (<J)  east  for  quinhydrone  electrode  and  pH  below 
7.87.  (0)  west  for  quinhydrone  electrode  and  pQ  above  7.07  (using  saturated  calomel  electrode).  Using 
glass  electrode,  (1)  south,  glass  electrode  reads  on  potentiometer,  using  the  electrometer,  close  (5)  to  operate 
(5),  use  (9)  for  remote  control  of  (5),  set  (f)  as  may  be  necessary. 

cell.  The  main  switch  connecting  the  electrometer  was  tripped  by  an 
electromagnet  operated  by  remote  control  from  a  key  placed  outside 
the  cabinet.  This  device  proved  very  convenient  ana  eliminated  any 
disturbance  due  to  body  capacity.  The  other  paraffin  switches  needed 
only  occasional  shifting,  which  could  be  done  manually  without 
difficulty. 
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Electrometer  disturbances  could  usually  be  traced  to  either  too 
much  or  too  little  mercury,  or  to  dirty  mercury,  in  the  switch  cups. 
A  quick,  positive  make  or  break  is  necessary  and  contact  electro- 
motive forces  must  be  prevented.  In  view  of  occasional  difficulties, 
however,  the  elimination  of  mercury  is  being  considered,  by  means  of 
a  switch  with  solid  contacts  of  the  brush  or  spring  type.  It  was  pref- 
erable not  to  operate  the  electrometer  at  maximum  sensitivity,  on 
account  of  its  instability.  Best  results  were  obtained  with  the  partic- 
ular instrument  used  by  keeping  the  needle  voltage  as  low  as  possible, 
about  70  volts  usually  being  satisfactory.  A  scale  deflection  of  3 
mm/mv  at  1  m  scale  distance  was  then  obtained  by  lift  and  tilt 
adjustment  of  the  quadrants.  This  sensitivity  was  adequate  for  the 
present  work,  although  a  much  higher  sensitivity  is  possible  and  has 
been  used  at  times  by  others  (34). 

It  is  occasionally  stated  that  an  electrometer  can  not  be  used  in  very 
humid  weather.  In  these  experiments,  suitable  measurements  could 
be  obtained  up  to  80  per  cent  humidity  of  the  room  atmosphere.  This 
favorable  result  may  have  been  due  to  special  care  in  insulating  and 
shielding  the  circuit.  It  was  sometimes  found  advantageous  to  ground 
the  glass  electrode  just  before  connecting  it  to  the  electrometer  for  a 
reading.  This  removed  stray  charges  from  the  system. 

The  potentiometer  circuit  was  so  wired  that  either  hydrogen,  quin- 
hy drone,  or  glass  electrodes  could  be  connected  in  the  appropriate 
position  and  all  necessary  measurements  could  be  obtained  by  means 
of  permanently  connected  switches  and  keys.  The  wiring  diagram  is 
shown  in  Figure  3.  When  using  a  more  accurate  potentiometer,  such 
as  the  "type  K"  which  has  more  of  the  accessory  apparatus  located 
internallv,  certain  changes  would  be  required  in  the  wiring  (34,  p. 
3316).  The  equations  applying  to  the  respective  electrodes  when 
used  at  25°  C.  in  combmation  with  a  saturated  calomel  reference 
electrode  are  given  in  Table  2.  in  both  an  extended  and  a  somewhat 
simplified  form.  The  extended  form  shows  the  factors  which  control 
the  first  term  on  the  right-hand  side  of  the  simplified  equation  used 
in  the  actual  measurements.  E  is  the  measured  cell  potential,  ex- 
pressed in  volts,  from  which  the  desired  pH  value  is  computed. 

Table  2.  —Electrode  equations  at  So°  C. 


Electrode 


Extended  equation 


Simplified  equation 


(34.  p.  672). 


Quinhydrone  (24,  p.  872)  

Glass  (a),  mounted  with  silver-silver  chloride 
electrode  and  0.1JVHC1  (28). 


(6),  mounted  with  saturated 

"  i  and  0.1  N  HC1  (24,  p.  672). 

Olass  (c),  mounted  with  saturated  calomel 
electrode  and  0.05  Af  add  potassium  phthulme 
(20). 

Olass  (d),  mounted  with  saturated  calomel 
electrode  and  any  buffer  solution  of  pH  =  K. 

Olass  («),  metal-connected;  X  (determined  by 
calibration)  is  the  pH  of  the  solution  for  which 
£-0. 


pH"  0.06912 
0.6992- E-0.2458 
pU~  0.5912 

0.3524- E-0.24S8 
pU"  0.05912 

-£+0.0636 
P11~  0.05912 

-g+0.2349 
p"  ™  0.06912 

-E-Ek 
pH  0.05U12 


PH-,.w-0-^-a 

E 

pll-1.80-  0.05fei.» 

B 

pH- 1.08-6^591 2 
pH-3.97  

0.05912 

K 

pH"A'~Od59T2 
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In  the  equations  of  Table  2,  liquid  junction  potentials  and  uncer- 
tainties in  pH  values  have  been  disregarded,  but  in  most  cases  these 
are  too  small  to  need  consideration  for  the  present  purposes.  Any 
appreciable  potential  due  to  the  glass  itself,  variously  known  as  the 
self,  strain,  or  asymmetry  potential,  must  be  determined,  however, 
and  a  corresponding  correction  applied  to  the  over-all  potential. 
The  asymmetry  potential  is  readily  measured  with  the  ordinary  glass 
electrode  by  having  the  same  kind  of  solution  and  auxiliary  electrode 
on  each  side.  (With  the  metal-connected  glass  electrode  it  is  not 
possible  to  determine  the  asymmetry  potential,  which  is  included  in 
the  calibration.)  With  good  electrodes,  this  potential  is  seldom  more 
than  a  few  millivolts  at  the  start  and  tends  to  decrease  to  zero  in  a 
short  time.  It  is  less  confusing  to  omit  such  a  term  from  the  above 
equations,  with  the  understanding  that  it  must  be  subtracted  (alge- 
braically) from  E  when  necessary,  as  will  be  illustrated  below. 

The  equations  are  given  in  algebraic  form,  and  potential  values 
must  be  inserted  with  proper  signs.  In  general,  the  sign  of  any 
electrode  is  denned  as  that  of  the  charge  on  the  outside  metal  terminal. 
As  the  saturated  calomel  electrode  is  used  here  as  the  standard  half 
cell  for  reference,  the  sign  of  the  measured  cell  potential  (E)  is  that 
of  the  other  electrode  with  respect  to  the  calomel,  or  the  same  as 
that  on  the  outside  terminal  of  the  other  electrode.  A  little  con- 
sideration of  the  circuit  conditions  also  shows  that  the  sign  of  a  glass 
bulb  or  membrane  electrode  is  that  of  the  inside  connecting  electrode 
(whether  silver-silver  chloride,  calomel,  etc.)  in  the  solution  the  pH 
of  which  is  kept  constant.  This  is  brought  out  in  Figure  4,  in  which 
the  relative  number  of  +  or  —  signs  indicates  conventionally  the 
tendencyfor  current  to  flow  to  the  external  circuit  in  the  ordinary 
sense.  With  the  metal-connected  glass  electrode,  the  sign  is  that  of 
the  terminal  of  the  metal  coating,  wherever  this  is  located;  that  is, 
whether  or  not  the  electrode  contains,  or  is  immersed  in,  the  solution 
to  be  tested. 

The  following  calculations  are  typical  for  a  glass  bulb  or  membrane 
electrode  filled  with  0.05  M  acid  potassium  phthalate  and  mounted 
between  two  saturated  calomel  electrodes. 

With  0.05  M  acid  potassium  phthalate  also  placed  on  the  outside — 

Ei  =  —0.002  volt  =  asymmetry  potential  (measured). 

(Inner  calomel  negative  to  outer  calomel.    In  other  instances 

the  sign  might  be  opposite.) 

With  solution  of  unknown  pH  placed  on  the  outside: 

Et  =  -0.126  volt  (measured). 

(Inner  calomel  negative  to  outer  calomel.) 

E=  E^  -  Ex  «  -  0. 126  -  ( -  0.002)  =  -  0. 124  volt. 

tt  -0124  nMin^ 

pll  =  3.97  -  Q  Q591  =  3.97  +  2. 10  =  6.07 

As  most  publications  on  this  subject  omit  any  explanation  of  the 
signs,  it  is  believed  that  the  above  brief  treatment  may  be  helpful. 

The  conventional  straight  line  graphs  for  the  various  equations 
listed  in  Table  2  are  shown  for  illustrative  purposes  in  Figure  5. 
Such  a  diagram  is  useful  for  bringing  out  the  relations  involved  and 
for  quickly  plotting  the  position  of  an  ordinary  glass  electrode  when 
the  conditions  are  changed.    The  following  relations  should  be  noted: 
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Figure  4.  —Sign  of  electrodes 


(Only  the  tips  of  calomel  electrodes  are  shown).  ;,  example  of  two  hydrogen  electrodes  connected  with 
two  calomel  electrodes.  H- hydrogen  electrode.  C»  calomel  electrode.  pH  of  left  solution- 1.  pH  of 
right  solution-10.  JE-mensured  potential.  The  hydrogen  electrode  in  the  solution  of  lower  pH  is  +  to 
the  other  hydrogen  electrode.  The  calomel  electrode  In  the  solution  of  higher  pH  Is  +  to  the  other 
calomel  electrode.  Taking  one  calomel  electrode  as  the  standard  of  reference,  in  a  solution  of  fixed  pH, 
the  sign  of  E  U  that  of  this  electrode;  I,  example  of  a  membrane  glass  electrode  filled  with  a  solution  of 
relatively  low  and  constant  pH.  The  membrane  is  imagined  to  be  divided  into  two  hydrogen  electrodes 
•  in  series  as  in  (I).  //,  C,  and  E  as  before.  pH  of  solution  within  membrane  electrode- 1. 
lion  in  beaker  =•  10  The  calomel  electrode  within  the  glass  electrode  is 
as  the  sign  of  E.   This  results  from  the 


and  is 


which  la 


io  the  upper  hydrog«n  electrode,  lust  as  In  (7)  the  right  hydrogen 
hydrogen  electrode.   The  relation  is  similar  if  a  silver-siPver  chloride  e 


is  substituted  for  the 

5.  this  Is  like  (#),  with  all  conditions  reversed.  As  before,  the  sign  of  E  is  that 
on  the  inside  calomel  electrode,  or  +  in  this  case;  1,  example  of  a  containing  type  metal-connected  glass 
electrode.  pH  of  the  solution  to  be  measured- a.  The  sign  of  E  is  that  on  the  terminal  S,  which  is 
connected  to  the  metal,  as  is  explained  in  (6);  5,  the  area  within  the  dotted  circle  represents  in  more  detail 
the  supposed  conditions  within  the  dotted  circle  of  U).  The  glass-metal  section  can  be  substituted  by 
two  hydrogen  electrodes  in  series,  as  in  (/).  One  hydrogen  electrode  is  immersed  in  the  solution  of 
pH  —  K  and  the  other  hydrogen  electrode  is  immersed  in  a  solution  of  constant  pH,  In  these  experiments 
somewhere  between  4  and  6.  The  circuit  is  completed  by  another  calomel  electrode  in  the  latter  solution. 
This  electrode  becomes  the  standard  of  reference,  as  in  (/).   The  sign  of  E  is  that  on  terminal  S  as  in  U) 
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(a)  All  lines  are  parallel  and  have  the  same  (negative)  slope  of 
0.05912  volt  per  unit  pH  at  25°  C,  corresponding  to  the  denominator 
of  the  last  right-hand  term  of  the  equations. 

(6)  Each  line  intersects  the  zero  axis  of  abscissae  (that  is,  each 
electrode  reads  zero  to  a  saturated  calomel  reference  electrode)  at  a 
pH  value  equal  to  the  first  right-hand  term  of  its  equation,  or  the 
"pH  constant"  for  the  electrode. 

(r)  When  the  electrode  mounting  or  connection  is  symmetrical  like 
that  of  Kerridge,  the  pH  constant  is  equal  to  the  pH  of  the  inside 
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Figure  5.  —Standard  graph*  of  electrode  equation* 

pH  and  potential  In  volts  v.  saturated  calomel  electrode  at  25*  C.  (See  Table  2.)  /,  Hydrogen  electrode; 
I.  glass  electrode  filled  with  0.1  .V  HC1  and  connected  with  an  inside  saturated  calomel  electrode;  S,  glass 
electrode  filled  with  0.1  N  HCI  and  connected  with  an  inside  silver-silver  chloride  electrode;  4.  glsa 
electrode  filled  with  0.05  M  acid  potassium  pbthalate  and  connected  with  an  inside  saturated  calomsl 
electrode;  5,  metal-connected  glass  electrode.   This  line  is  shown  dotted  to  indicate  that  the  position  is 


solution.  Hence,  a  line  can  be  immediately  drawn  in  for  a  given  value 
of  pH  for  the  inside  buffer  solution. 

(d)  The  sign  of  the  electrode  reverses  when  the  pH  of  the  solution 
being  measured  passes  the '  electrode  constant,  being  positive  for 
lower  pH  values  and  vice  versa. 

(e)  An  electrode  (glass  or  other)  will  be  positive  to  any  other 
electrode  placed  in  the  same  solution,  if  the  first  electrode  line  lies 
to  the  left,  and  vice  versa. 

(/)  The  approximate  useful  pH  range  for  each  electrode  is  indicated 
by  the  positions  of  the  ends  of  its  1 
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The  various  kinds  of  standard  and  glass  electrodes  used  in  this 
investigation  were  calibrated  or  checked  by  means  of  a  series  of 
buffer  solutions  that  were  either  0.05  or  0.1  M  and  prepared  according 
to  the  directions  of  Clark  (24).  These  solutions  included  phthalate, 
phosphate,  borate,  and  carbonate  and  were  standardized  by  either 
the  hydrogen  or  quinhydrone  electrode. 

The  suitability  of  an  electrode  for  measuring  hydrogen  ion  concen- 
tration depends  upon  the  extent  to  which  the  accuracy  and  repro- 
ducibility are  affected  by  various  factors.  Among  these  are:  (a) 
Useful  pH  range;  (6)  age;  that  is,  any  change  in  the  calibration  with 
time;  (c)  alkali  salts  (salt  error);  (d)  heavy  metal  salts;  (e)  proteins; 
and  (/)  oxidants  and  reductants.  Certain  "poisons"  may  also  be 
found  in  some  of  these  categories.  Thus,  copper  sulphate  (a  heavy 
metal  salt)  poisons  a  hydrogen  electrode  and  sodium  bisulphite  (a 
reductant)  poisons  a  quinhydrone  electrode. 

A  brief  study  was  accordingly  made  to  determine  the  effects  of  the 
above  factors  on  the  operation  of  the  metal-connected  glass  electrode. 
It  should  be  emphasized  that  these  experiments  were  not  designed  to 
redetermine  the  constants  of  certain  solutions,  nor  to  establish  exact 
limits  for  the  electrode,  but  merely  to  determine  trends.  In  this  way, 
the  general  behavior  could  be  defined  and  possible  means  of  improve- 
ment indicated. 

2.  USEFUL  pH  RANGE 

Every  secondary  electrode  is  subject  to  errors  outside  of  some 
favorable  range  of  pH,  which  therefore  needs  to  be  defined.  Briefly, 
within  the  limits  of  accuracy  (±0.1  pH)  of  these  measurements  the 
metal-connected  glass  electrodes  were  found  to  function  linearly7 
and  reproducibly  between  pH-1  and  pH-11,  in  dilute  buffer  solutions. 
Down  to  pH-0 ;  that  is  in  concentrated  acid  solutions,  fairly  satisfac- 
tory readings  could  be  obtained  by  frequent  calibration.  Above 
pH-11,  hydroxide  solutions  of  increasing  concentration  must  be  used 
and  attack  of  the  glass  surface  is  probable.  Readings  above  pH-1 1 .5 
were  unsatisfactory.  In  general,  any  kind  of  electrode  tends  to  show 
discrepancies  in  the  strongly  acid  and  alkaline  ranges. 

3.  EFFECT  OF  AGE 

The  metal-connected  electrodes  were  calibrated  occasionally  by 
means  of  buffer  solutions,  using  the  technique  previously  described. 
Typical  calibrations  are  shown  for  illustrative  purposes  in  Figure  6  7. 
The  approximate  variation  in  the  constant  thus  determined  for  the 
same  electrodes  over  a  period  of  about  eight  months 8  is  shown  in 
Figure  7. 

The  change  in  the  constant  is  evidently  due  to  a  change  in  the 
initial  potential  of  (or  in)  the  glass.  This  is  usually  accompanied 
by  a  slight  increase  in  resistance  (Table  1),  but  without  any  apparent 
decrease  in  accuracy.  The  change  can  not,  therefore,  be  definitely 
ascribed  either  to  increased  surface  leakage  or  to  deterioration  of  the 

»  Maclnnes  and  Dole  (31)  and  Maclnnes  and  Belcher  (34)  showed  by  very  accurate  measurements  that 
ilan  of  the  type  used  for  electrode*  did  not  function  linearly  in  very  alkaline  (31)  (34)  or  very  add  (34) 
solutions,  especially  when  these  were  concentrated.  In  dilute  solutions,  however,  the  deviation  was  less 
than  ±0.1  pH  for  the  pH  range  used  in  the  present  work.  This  point  should  be  kept  in  mind,  however, 
whenever  work  of  higher  accuracy  is  attempted  with  metal-connected  glass  electrodes 

>  A  recent  examination  of  one  of  these  electrodes  (No.  2)  showed  it  to  be  in  useful  condition  at  the  end  of 
ene  veer     The  constant  was  then  about  5  H3.  which  indicated  practically  no  chance  In  the  last  four  months. 
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glass.  Except  in  rare  cases,  the  normal  drift  or  rate  of  change  was 
probably  less  than  0.01  pH  per  day.  In  two  cases  the  constant  de- 
creased, and  at  an  increasing  rate  (fig.  7,  Nos.  1  and  3),  while  in 
the  third  case  (fig.  7,  No.  2)  it  is  remarkable  that  very  little  change 
occurred,  although  this  electrode  was  most  frequently  used  in  tne 
experiments. 

The  electrodes  were  actually  used  to  a  much  greater  extent  than  is 
indicated  in  Figure  7,  but  were  not  always  calibrated  for  other  than 
a  required  short  range  of  pH,  which  did  not  necessarily  include  the 
pH  constant.  Figure  7  merely  records  observed  limits  and  was  not 
used  for  purposes  of  measurement.    Like  other  types  of  electrodes, 
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Figure  6.— Actual  calibrations  of  three 

containing  type 

pH  and  potential  in  volU 


electrode  at  25°  C. 

the  metal-connected  glass  electrode  required  frequent  checking,  de- 
pending on  the  accuracy  desired  and  the  kind  of  solution  under  study. 
It  was  found  advantageous  to  check  an  electrode  in  use  several  times 
daily. 

4.  EFFECT  OF  ALKALI  SALTS  (SALT  ERROR) 

At  a  given  pH,  the  total  concentration  and  kind  of  neutral  salt 
present  affect  the  potential  of  an  electrode,  causing  what  is  known  as 
the  salt  error.  For  the  hydrogen  electrode  this  error  is  zero  by  defi- 
nition and  for  the  quinhydrone  electrode  it  is  relatively  small.  To 
determine  the  approximate  salt  error  for  the  metal-connected  glass 
electrode,  buffer  solutions  were  prepared  containing  a  large  amount 
of  potassium  chloride  or  sodium  chloride.  The  apparent  change  in 
pH  was  then  determined. 

The  results  obtained  are  shown  in  Tables  3  and  4. 
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Table  3. — Effect  of  addition  of  normal  potassium  chloride  to  buffer  solutions 


Duffer  solution 

Change  in  pH  after  addition 

Salt  error 

Composition 

PH 
without 
addition 

Hydrogen 
electrode 

Qulnny- 

drone 
electrode 

Metal- 
connected 

glass 
electrode 

Qulnhy- 
drone 
electrode 

Metal- 
connected 

glass 
electrode 

0.1  NUCl  

1. 10 
7.00 
11.20 

-0.  20 
-.41 
-.28 

-0.18 
-.37 

-a  24 

-.44 
-.82 

+0  02 
+.04 

-a  04 

-.03 
-.04 

0.05  M  KH»POi+KiHPO,    

0.1  N  KtCOi  

4 


7 


Figure  7. — Variation  oj  pH  constant  with  time  for  three  metal-connected  glass 

electrodes  of  the  containing  type 

pH  and  potential  in  volta  versus  saturated  calomel  electrode  at  26°  C.  A,  Effect  of  applying  1,000 

volts  d.  c.  for  a  measurement  of  resistance 


Table  4.—  Effect  of  addition  of  sodium  chloride  to  buffer  solutions 


Buffer  solution  composition. 

NaCl 
added  N 

Change  In  pll  after  addition 

Hydrogen 
electrode 

Quinhy- 

drone 
electrode 

Metal- 

ClUlIUM'tCfl 

Quinhy- 

drone 
electrode 

Met* 
connected 

-0  20 

-0.28 

-a  24 

-a  02 

+ao2 

0.1  JVHC1  

{  I 

-.50 

-.43 

-.41 

+.07 

+.09 

-.90 

-.79 

-.66 

+.11 

+.24 

0.06  M  KHiPO«+KiHPO«   .   

-.71 

-.62 

-.70 

+.00 

+  01 

-.46 

-.76 

-.30 

0.1  N  K,COi  

{  \ 

-.06 

-.81 

-1.03 
-1.30 

-.34 

-.58 

The  addition  of  salts  caused  a  decrease  in  pH  (an  increase  in  hydro- 
gen ion  activity)  in  every  case.  As  mentioned  above,  the  change  for 
the  hydrogen  electrode  is  attributed  to  an  actual  change  in  the  solution 
and  the  differential  change  between  the  hydrogen  and  any  other 
electrode  then  becomes  the  salt  error  for  that  electrode. 

Table  3  shows  that  the  salt  error  caused  by  potassium  chloride  up 
to  1  N  is  only  a  few  hundredths  pH  throughout  the  useful  range  of  the 
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metal-connected  glass  electrode,  or  about  the  same  as  for  the  quin- 
hydrone  electrode.  The  salt  error  caused  by  sodium  chloride  (Table 
4)  is  also  low  in  the  acid  and  neutral  ranges,  but  is  quite  appreciable 
in  the  alkaline  range. 

While  these  data  are  not  complete,  it  seems  safe  to  conclude  that 
for  best  results  the  total  salt  concentration  should  be  kept  below  1  N 
if  possible,  and  that  potassium  salts  are  preferable  in  alkaline  solutions. 
When  high  salt  concentrations  are  unavoidable  it  may  be  possible  to 
secure  more  accurate  measurements  by  calibrating  the  electrode  in 
concentrated  buffer  solutions. 

Similar  results  have  been  reported  by  Hughes  (23),  Kahler  and  De 
Eds  (38)  and  others.  Various  investigators  have  noted  that  divalent 
ions,  such  as  calcium,  have  a  smaller  effect  than  sodium  or  potassium 
ions. 

5.  EFFECT  OF  HEAVY  METAL  SALTS 

The  presence  of  a  heavy  metal  salt  often  makes  electrometric  pH 
determinations  difficult.  Specific  applications  of  an  inappropriate 
nature  are,  of  course,  readily  excluded.  These  include  cases  where 
the  reagent  used  precipitates  metal  from  solution,  as  gaseous  hydrogen 
does  with  copper  and  quinhydrone  with  silver.  In  addition,  diffi- 
culties may  arise  from  the  presence  of  impurities,  such  as  colloids  (2), 
from  oxidation-reduction  potentials  including  those  possibly  caused  by 
reduction  of  metal  ions  to  subvalent  states  (3)  (4)  (26),  side  reactions 
(18),  and  adsorption  effects.  It  must  also  be  remembered  that  these 
solutions  are  unbuffered  unless  a  solid  phase  of  hydroxide  is  present. 

The  measurements  on  heavy  metal  salt  solutions  were  made  to 
compare  results  by  the  different  electrodes  and  not  to  redetermine 
hydrolysis  points.  Only  the  nickel  ammonium  sulphate  and  the 
copper  sulphate  were  recrystallized  salts  and  none  of  the  solutions 
was  treated  with  the  corresponding  metal  hydroxide.  The  salts  used 
were,  however,  all  of  high  quality  and  there  is  reason  to  believe  that 
the  values  obtained  are  typical,  except  possibly  for  manganese. 

Colorimetric  measurements  of  pH  (uncorrected)  could  be  obtained 
conveniently  with  these  solutions  and  were  therefore  made  by  the 
Gillespie  drop  ratio  method  (24). 

The  results  obtained  with  a  few  typical  heavy  metal  solutions  are 
given  in  Table  5. 


Table  5.— Effect  of  heavy  metal  gaits  on  electrodes 

pH  of  solutions 


SoluUon  0.08  M 

Hydrogen 
electrode 

Quinhy- 
drone 
electrode 

Mem- 
brane 
glass 
ejectrooe 

Metal- 
oonneoted 

glass 
electrode 

Colorimetric 
(uncorrected) » 

S08O4  

5.2-5.6 
5. 5-5,6 
5.20 

5.1-5.8 
48-6.2 
5.40 
4.20 

6.15 
6.06 
646 

4.40 

3.80 

680 

696 

640 

4.30 
8.60 
5.07 

J6.65  B.  c.  p. 
\fi.55  B.  t.  6. 
/fl.80  B.  c.  p. 
\7.00  B.  t.  b. 
/5.70  M.  r. 
\5.80  B.  C.  p. 
J4.76B.  p.  0. 
\4.50M.r. 
3.80  B.  p.  b. 
/B.65  B.  c.  p. 
\6.80  B.  t.  D. 

MoCU  

N180 »  

«  B.  p.  b.,  brom  phenol  blue:  M  r  ,  methyl  red;  B.  c.  p.,  brom  cresol  purple;  B.  t.  b.,  brom  thymol  blue. 
•0.1  At. 
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The  two  types  of  the  glass  electrode  showed  good  agreement  in  all 
the  solutions  except  that  of  zinc  sulphate.  In  this  case  the  metal- 
connected  electrode  gave  a  value  that  was  nearer  than  that  of  the 
membrane  electrode  to  the  hydrogen  and  quinhydrone  values,  al- 
though these  were  unsteady.  Britton's  (14,  p.  2120)  result  for  a  more 
dilute  (0.025  M)  solution  was  5.2  by  the  hydrogen  electrode.  Kolthoff 
and  Kameda  (42)  found  for  0.1  M  solution  a  value  of  5.67  by  means  of 
a  specially  prepared  hydrogen  electrode  (with  a  bright  platinum 
deposit)  and  colorimetncally  by  methyl  red  a  value  of  5.66,  prac- 
tically the  same.  Britton  and  Dodd  (45)  have  recently  found  about 
6.3  (interpolated  from  their  fig.  1,  p.  1943)  for  a  0.01  M  solution,  by 
the  glass  electrode.  Britton  and  Robinson  (46)  have  discussed  the 
status  of  this  subject.  Some  previous  investigators  (2)  (21)  (22)  (26) 
have  also  reported  a  drift  of  the  hydrogen  electrode  m  zinc  solutions. 

The  two  types  of  the  glass  electrode  agreed  closely  with  the  quin- 
hydrone electrode  in  the  nickel  ammonium  sulphate  solution.  Such 
solutions  have,  of  course,  a  somewhat  lower  pH  than  do  those  of 
nickel  sulphate.  Better  agreement  between  the  quinhydrone  and 
hydrogen  electrodes  is  usually  obtained  in  nickel  solutions,  particu- 
larly at  higher  concentrations  or  when  buffered  (30). 

In  the  copper  sulphate  solution  the  glass  electrodes  also  showed 
good  agreement  with  the  quinhydrone.  Values  for  0.05  M  CuS04  at 
18°  C  have  been  reported  by  O'Sullivan  (17)  using  the  quinhydrone 
and  by  Hughes  (23)  using  the  glass  electrode,  as  4.14  and  4.24,  respec- 
tively, which  are  in  good  agreement  with  the  present  results.  Brit- 
ton's (14.  p.  2148)  value  for  0.02  M  copper  sulphate  was  5.4  by  the 
oxygen  electrode. 

In  the  manganese  solution  readings  were  somewhat  unsteady  with 
all  electrodes  used.  Those  made  with  the  glass  electrode  were  con- 
siderably higher  than  those  with  the  hydrogen  or  quinhydrone.  The 
latter  both  showed  drifts  and  did  not  agree  closely.  Rideal  (18)  has 
pointed  out  that  manganese  salts  tend  to  catalyze  the  auto-oxidation 
of  quinhydrone,  so  that  the  result  by  the  quinhydrone  electrode  is 
doubtful.  The  accepted  value  for  manganese  solutions  in  the  litera- 
ture is  8.5  to  8.8  (11)  (14,  p.  2110)  by  the  hydrogen  electrode,  indicating 
that  these  solutions  at  equilibrium  conditions  are  slightly  alkaline,  a 
conclusion  that  seems  anomalous  in  view  of  the  weakly  basic  character 
of  divalent  manganese.  Possibly  an  oxidation-reduction  potential 
interferes. 

The  value  obtained  for  the  mercuric  chloride  solution  is  close  to 
that  of  Britton  and  Dodd  (45),  who  found  about  3.7  (interpolated 
from  their  fig.  1,  p.  1943)  for  a  0.01  M  solution,  by  the  glass  electrode. 
This  replaces  an  earlier  and  much  higher  value  of  7.3,  oy  the  oxygen 
electrode,  reported  by  Britton  (14,  p.  2148). 

The  value  for  the  silver  nitrate  solution  agrees  with  that  of  about 
5.0  (interpolated  from  their  fig.  1,  p.  1943)  found  for  a  more  dilute 
(0.01  M)  solution  by  Britton  and  Dodd  (45),  by  the  glass  electrode. 
Britton  (14,  p.  2148)  previously  found  5.7  for  6.02  M  silver  nitrate, 
by  the  oxygen  electrode.  He  then  adopted  "pH  9  (?)"  tentatively, 
however,  basing  this  figure  on  calculations  of  the  solubility  product  of 
silver  hydroxide.  Evidently,  this  value  was  too  high  and  the  exper- 
imental one  was  nearer  correct.  Further  data  and  discussion  have 
been  given  by  Britton  and  Robinson  (46).  Horovitz  (10,  p.  389) 
thought  that  he  detected  a  silver  electrode  function  of  glass  in  silver 
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solutions,  but  this  was  not  confirmed  by  Hughes  (23).  Any  direct 
effect  of  the  silver  (or  copper)  coating  of  the  metal-connected  electrode 
is  unlikely,  as  the  glass  used  contained  no  heavy  metals  and  was 
comparatively  thick. 

In  general,  the  results  by  the  colorimetric  method  (uncorrected) 
show  somewhat  higher  salt  errors  for  the  indicators  than  would  be 
expected  for  such  dilute  solutions.  Combination  between  metal  ion 
and  indicator  may  have  occurred  in  some  cases. 

6.  EFFECT  OF  PROTEIN 

It  is  well  known  that  proteins  are  likely  to  disturb  electrode  readings. 
Gelatin  was  selected  for  trial,  as  it  is  a  substance  of  special  interest  in 
electrochemical  work,  and  a  few  experiments  were  made  on  solutions 
containing  various  amounts  at  low,  intermediate  and  high  pH  values. 
The  data  obtained  are  presented  in  Table  6. 

Table  6. — Effect  of  gelatin 


Buffer  solution 


CJelutin 


Hydrogen 


Quinhy- 




Metal- 
connected 

glass 
efertrod* 


0.1  .YHCI 


0.05  M  KH:l>0,  +  K,Hro< 


0.1  VKVOi... 


0 
I 

5 
10 

0 

1 

10 

1 ' 

i 

5 
10 


1. 13 
L  19 
1. 18 
1.17 

6.06 
8. 99 
6.08 
6.96 


11.00 
10  94 

10.  77 

io.  sn 


1.  19 
1. 17 
L  17 
1. 14 

7. 01 
7. 01 
7.02 
ft.  08 

11.03 
10.00 
10  88 
10  7S 


Large  amounts  of  gelatin  did  not  appreciably  affect  the  readings  of 
the  metal-connected  glass  electrode  at  low  and  intermediate  pH 
values,  as  compared  with  the  quinhydrone  electrode.  It  is  well 
known  that  the  quinhydrone  electrode  is  itself  affected  by  some  pro- 
teins. The  metal-connected  electrode  agreed  closely  with  the  hydro- 
gen electrode  at  the  high  pH  when  only  small  amounts  of  gelatin 
were  present.  The  pH  of  the  carbonate  solution  actually  decreased 
when  gelatin  was  dissolved  in  it.  This  was  accompanied  by  a  slight 
precipitation. 

7.  EFFECT  OF  OXIDANTS  AND  REDUCTANTS 

Strongly  oxidizing  or  reducing  compounds  cause  a  potential  sepa- 
rate from  that  of  hydrogen  ions  and  usually  great  enough  to  prevent 
the  use  of  the  hydrogen  or  quinhydrone  electrode.  The  latter  can  be 
used  occasionally,  for  instance,  in  dilute  nitric  acid.  Sometimes  a 
metal-metal  oxide  electrode  can  be  substituted,  as  that  of  mercury, 
manganese,  or  antimony,  which  may  be  convenient  even  if  empirical. 
Indicators  are  usually  unsatisfactory. 
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Previous  types  of  the  glass  electrode  have  been  shown  by  Hughes 
(9)  Maclnnes  and  Dole  (27)  and  others  to  be  quite  unaffected  by 
oxidation-reduction  potentials.  To  determine  if  this  relation  holds 
also  for  the  metal-connected  electrode,  comparative  measurements 
with  this  and  the  membrane  glass  electrode  were  made  on  a  few 
typical  solutions.  The  results  are  presented  in  Table  7. 

Table  7.  —Effect  of  oxidants  and  reductanta 


Solution 


0.1  AfHNO»>.„. 
1  M  CrOu  

0  45  M  K,CnOr« 

1  M  K,CrO...... 

0.2  M  CrO,  


PH 


Me 


1. 10 
.40 


9  45 


Met.-,1- 

con- 
nected 
elec- 
trode 


1.  20 
.86 
3.  HO 
9.55 
1.05 


0.1  M  K1CT1O7-. 
0.2 M  KiCrOi... 

0.05  M  AsjOj  

0.25  M  NbiSiO... 
aCN\. 


0.1  M  Na 


Mem- 
brane 
elec- 
trode 


3.76 
9.25 
5.60 
4.90 


Metal- 
con- 
nected 
elec- 
trode 


3.85 
8.30 
5.W 
4.  SO 
11.0 


•  1.14  by  qumhydrone  electrode. 
'  Saturated  solution. 

» 11.5  (maximum)  by  hydrogen  electrode. 

The  two  types  of  glass  electrodes  gave  about  the  same  results. 
The  lower  values  by  the  membrane  electrode,  particularly  in  the 
more  concentrated  oxidizing  solutions,  are  probably  more  accurate, 
as  this  type  seems  less  subject  to  disturbances,  possibly  of  the  nature 
of  adsorption  effects. 

The  results  for  the  chromic  acid  and  chromate  solutions  agree 
roughly  with  the  end  points  of  the  titration  curves  published  by 
Hushes  (9)  and  by  Britton  (12)  (13)  (43,  p.  73,  p.  162).  Hughes  used 
a  glass  electrode  of  the  bulb  type  and  0.1  M  chromic  acid,  while 
Britton  used  both  oxygen  and  hydrogen  electrodes  in  very  dilute 
(about  0.025  M)  chromic  acid. 

It  is  of  interest  to  note  the  great  difference  in  strength  between 
dichromic  and  chromic  acid,  on  account  of  which  chromate  solutions 
are  distinctly  alkaline  because  of  hydrolysis.  (The  acidity  of  the 
dichromate  solutions  may  be  attributed  to  secondary  dissociation  of 
the  dichromate  ion.) 

Readings  in  the  bisulphite  solution  were  often  unsteady,  probably 
because  of  absorption  of  oxygen  from  the  air  and  a  resulting  change 
in  acidity.  The  hydrogen  (43,  p.  73),  quinhvdrone  and  oxygen  (43, 
p.  73)  electrodes  all  fail  in  bisulphite  or  sulphite  solutions. 

The  value  for  sodium  cyanide  is  consistent  with  the  hydrolysis 
measurements  of  Harm  an  and  Worlev  (16)  and  with  a  measurement 
by  Britton  and  Robinson  (40)  on  dilute  potassium  cyanide  solution 
(0.04  M),  with  the  antimony  electrode.  Britton  and  I)odd  (45)  later 
found  the  glass  electrode  to  be  more  accurate  than  the  antimony 
electrode,  in  cyanide  solutions.  The  hydrolysis  of  alkali  cyanide  is 
evidently  about  the  same  as  that  of  alkali  carbonate. 

8.  APPLICATIONS 

Applications  of  the  metal-connected  glass  electrode  in  research 
have  been  made  by  the  author  in  connection  with  pH  measurements 
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on  chromic  acid  and  chromium  chromate  solutions,  cyanide  silver- 
plating  solutions  (preferably  diluted),  and  ammomacal  silver  bro- 
mide-gelatin photographic  emulsions.  In  general,  consistent  and 
useful  results  were  obtained.  These  will  be  published  in  separate 
papers  by  other  investigators. 

V.  SUMMARY 

1.  Glass  electrodes  with  a  direct  metallic  connection  may  be  con- 
structed  having  comparatively  good  accuracy  and  sensitivity. 

2.  This  shows  that  an  equilibrium  between  hydrogen  ions  on 
opposite  sides  of  a  glass  wall  is  not  essential  to  the  functioning  of 
£las8  as  an  electrode,  and  suggests  that  deep  penetration  of  hydrogen 
ions  into  the  glass  may  not  occur. 

3.  The  metal-connected  electrodes  may  be  constructed  with  walls 
thick  enough  to  make  breakage  unlikely  with  ordinary  care  in 
handling. 

4.  Their  useful  life  is  indefinite  and  measured  by  months  or  years. 

5.  Only  small  errors  are  caused  by  alkali  salts  in  moderate  con- 
centration, by  heavy  metal  salts  in  low  concentration  and  by  gelatin. 

6.  Oxidation-reduction  potentials  have  little,  if  any,  effect  with 
this  or  other  types  of  glass  electrodes. 
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